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ABSTRACT

Riedeman, James Steven. Ph.D., Purdue University, December 2014. Mass Spectrometric
Investigations of Structurally Diagnostic Ion-Molecule Reactions and of Molecular
Structures of Asphaltenes. Major Professor: Hilkka I. Kenttämaa.
Tandem mass spectrometry (MS/MS) has proven to be a powerful tool for the
molecular-level characterization of components of complex mixtures due to its ability to
study ionized molecules with high sensitivity, selectivity and specificity. By combining
MS/MS with liquid chromatography (LC) to enable front end separation of complex
mixtures, trace level analysis of components in these mixtures is possible. Hence, LCMS/MS has proven invaluable in the separation and characterization of saturated, alkyl
aromatic, and polycyclic aromatic hydrocarbon constituents of crude oil. The most
common MS/MS method involves collision-activated dissociation of mass-selected ions.
Additionally, MS/MS strategies utilizing functional-group or isomer specific ion-molecule
reactions have been recognized as a fast and efficient way to identify specific analytes
among mixture components. However, the mechanisms of many gas-phase reactions,
including dissociation and ion-molecule reactions, are not easily deciphered using MS
alone. Thus, density functional theory (DFT) calculations may be used in combination with
MS/MS data to derive reaction pathways leading to the formation of intermediate and
product ions. Knowledge of the structures of these intermediate and product ions and
pathways to their formation may be used to develop new mass spectrometry methodologies
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for elucidation of structures of unknown components in mixtures and to identify better
reagents for functional-group and isomer specific ion-molecule reactions.
This thesis focuses on the development of MS/MS strategies utilizing ion-molecule
reactions, synthetic model compounds, and DFT calculations to elucidate the structures of
ions and reaction pathways for a variety of gas-phase ion processes. Chemical ionization
with aluminum (III) chloride followed by collision-activated dissociation (CAD) was
examined as a method to distinguish epimeric 1,6-anhydrosugars which are commonly
found in the pyrolysis products of cellulosic biomass. The use of dimethylamine in ionmolecule reactions with protonated N-oxides was investigated as a method to distinguish
secondary and tertiary N-oxides from amines and other heteroatom-containing analytes.
Additionally, MS/MS analysis was combined with Raman spectroscopy for the detailed
characterization of asphaltenes derived from crude oil deposits. Crude oil deposition in oil
transfer pipelines is perpetuated by the presence of polynuclear aromatic hydrocarbon
structures, such as asphaltenes, whose molecular architectures are still not fully understood.
The molecular structures of asphaltenes were explored by comparing the fragmentation
behavior of ionized synthetic model compounds to that of genuine ionized asphaltenes
isolated from Maya crude oil. Finally, rearrangement of the molecular ion of
diphenylmethane leading to cleavage of methyl radical was examined by studying the
fragmentation products of 2H- and
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C-labeled derivatives of diphenylmethane ions and

through the use of DFT calculations since diphenylmethane is a common carbon skeleton
in numerous therapeutic drugs whose dissociation mechanisms were not fully understood
previously.
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CHAPTER 1. INTRODUCTION AND OVERVIEW

1.1 Introduction
The first use of mass spectrometry (MS) was reported in 1913 by J. J. Thomson1 who
discovered the electron and its mass-to-charge (m/z) ratio. Meanwhile, numerous scientific
fields have benefited from the use of MS. The unparalleled sensitivity, speed, low detection
limits, and diverse applicability2 of MS have made it a popular analytical method among
chemists, biologists, engineers, and physicists, as well as many others.
At its core, mass spectrometry is composed of four basic events: evaporation,
ionization, separation, and detection.3 MS requires that ions be evaporated into the gas
phase in order to be manipulated by magnetic and/or electric fields used to influence their
trajectories. Evaporation and ionization often occur nearly simultaneously in contemporary
ionization sources. The gas-phase analyte ions are separated as a function of some physical
parameter related to the ions’ m/z value, such as momentum, time-of-flight, frequency of
motion, or kinetic energy. Typically, high vacuum is required to provide the collision-free
paths needed for manipulating the ions’ trajectories. Finally, the separated gas-phase ions
are detected by an electron multiplier, Faraday cup, or various other techniques dependent
on the type of mass separation being used. The detector generates a useable signal that is
proportional to the ions’ abundances. The ion abundances and m/z values are recorded by
a computer data station and transformed into a mass spectrum wherein the ions’ m/z values
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are plotted along the x-axis and their abundances (relative or absolute) are plotted on the
y-axis.
The measurement of stable ions’ m/z values provides valuable information about the
ions, such as their mass. Moreover, a careful analysis of the mass spectrum may provide
some elemental composition information. For instance, a stable molecular ion (M+•)
possessing an even m/z value will contain zero or an even number of nitrogen atoms.
Molecular ions of analytes with an odd number of nitrogen atoms will possess an odd m/z
value. Additionally, characteristic isotope patterns may be used to identify the presence of
other elements (e.g., Br would produce an M+2 peak with 49.5% abundance relative to the
abundance of M, corresponding to the natural abundance of 79Br and 81Br). By using a mass
analyzer capable of highly accurate mass measurements wherein m/z ratios can be
determined very accurately, unique elemental compositions can be identified for ions.4,5
In addition to elemental composition information obtained from the mass spectrum,
tandem mass spectrometry (MSn) may be used to elucidate structures of ions.6 Tandem
mass spectrometry involves at least two stages of mass separation wherein an ion of interest
is selected via one stage of mass separation and probed via dissociation or other reactions.
The product ions are analysed by an additional stage of mass separation.7 MSn experiments
can utilize fragmentation reactions of ions or reactions between ions and neutral molecules8
(more specifically, neutral molecules that react differently with certain isomeric forms9 of
an ionized analyte or only react with specific functional groups10 in an ion). Both
approaches were utilized in this dissertation.
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1.2 Thesis Overview
The research in this dissertation focusses on stereospecific and functional-group
selective gas-phase ion-molecule reactions, mass spectrometric investigations of the
molecular structures of asphaltenes, and the dissociation processes of ionized aromatic
hydrocarbons. Chapter 2 briefly discusses the principles of the instrumentation,
experimental methods, and the computational chemistry methods used in these studies.
Fundamental principles of linear quadrupole ion trap (LQIT) mass spectrometers are
discussed in this chapter.
Chapter 3 describes the synthetic procedures used to produce the asphaltene model
compounds and 2H- and 13C-labeled derivatives of diphenylmethane which were used in
the studies summarized in chapters 7 and 8, respectively. Chapter 4 discusses the use of a
novel reagent, dimethylamine, for the identification of protonated secondary and tertiary
N-oxide ions via their ion-molecule reactions in the gas phase. Chapter 5 is devoted to the
use of ion-molecule reactions combined with collision-activated dissociation (CAD) to
differentiate epimeric 1,6-anhydrosugars by studying differences in the CAD spectra of
their gas-phase complexes with the aluminum(III) ion.
The remaining chapters (6 through 8) detail analytical investigations into the
molecular structures of asphaltenes and the dissociation mechanisms of ionized aromatic
hydrocarbons. Chapter 6 details the characterization of asphaltenes derived from crude oil
deposits by using Raman spectroscopy and mass spectrometry to unveil information about
the size of their polynuclear aromatic core structure and the total number of carbons in their
alkyl side chains. Chapter 7 discusses CAD of molecular ions of synthetic asphaltene
model compounds that were compared to the CAD spectra of Maya asphaltene ions.
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Chapter 8 discusses rearrangements of the molecular ion of a simple aromatic hydrocarbon,
diphenylmethane, upon CAD.
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CHAPTER 2. INTRODUCTION AND EXPERIMENTAL CONSIDERATIONS

2.1 Introduction
Mass spectrometry is an analytical tool that has become ubiquitous in a variety of
research areas, such as those relating to pharmaceuticals,1 biotechnology,2 and
petroleum.3,4 The popularity of mass spectrometry has grown as a result of its high
specificity, sensitivity, speed, and versatility.5 Mass spectrometry has been used to obtain
accurate molecular weights of asphaltenes,6 monitor enzymatic reactions,7 characterize
peptide sequences,8 and structurally elucidate individual components in complex
mixtures.9
Mass spectrometers are composed of three basic parts, namely, ionization source,
mass analyzer, and detector. Analysis of compounds by mass spectrometry requires that
they be introduced into the gas phase. Ionization of analytes may occur before, during, or
after their evaporation. Next, the gas-phase ions enter the analyzer region of the mass
spectrometer where they are separated according to their mass-to-charge ratios. Finally, the
separated ions are detected, generating a signal that is sent to a data system where their
mass-to-charge ratios and abundances are recorded to produce a mass spectrum.
Typically, mass analyzers fall into one of two major categories: scanning mass
analyzers or trapping mass analyzers. Scanning instruments, such as time-of-flight and
quadrupole mass spectrometers, pass a stream of ions through different parts of the
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instrument where they are being manipulated using electric or magnetic fields. Conversely,
trapping instruments, such as quadrupole ion traps (QIT) and Fourier transform ion
cyclotron resonance (FT-ICR) mass spectrometers, confine ions in a specific area of the
instrument where various manipulations occur at different times.
In addition to single-stage mass spectral analysis (MS1), which may be useful in
providing molecular weight and elemental composition information on ions, tandem mass
spectrometry (MS2) can provide structural information via fragmentation reactions and/or
ion-molecule reactions for mass-selected ions.10,11 Dissociation of ions is typically
achieved via activating collisions with an inert gas. Ion-molecule reactions involve
introduction of a reagent gas into the ion trap after ion isolation followed by a predetermined reaction time. Further, isolation of the product ions of these reactions followed
by dissociation or ion-molecule reactions (MS3) may be used to provide additional
structural information. Multiple stages of ion isolation/reactions followed by mass analysis
is known as multiple-stage tandem mass spectrometry (MSn).12
Trapping instruments were primarily used for the work presented in this dissertation,
specifically, a linear quadrupole ion trap (LQIT) mass spectrometer. Density functional
theory (DFT) calculations were used as necessary to facilitate the interpretation of
experimental results. Principles of LQITs have been discussed in the literature.13,14 Some
fundamental and experimental aspects of the instrumentation and methods employed in the
research discussed in this thesis are discussed in this chapter.
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2.2 Ionization Methods
Mass spectrometry involves the manipulation of ions in magnetic and/or electric
fields in a mass spectrometer, thus, ionization is a critically important step. Several
methods of ionization exist, such as electron ionization (EI),15 chemical ionization (CI),1618

fast atom bombardment (FAB),19 matrix-assisted laser desorption ionization (MALDI),20

electrospray ionization (ESI),21 and atmospheric pressure chemical ionization (APCI).22
Each method of ionization has unique advantages and disadvantages that are dependent on
the nature of the analyte, such as the presence of specific functional groups. Only the
ionization methods employed in the work presented in this dissertation will be discussed
below.
2.2.1 Electron Ionization
Electron ionization (EI) is the oldest ionization technique for mass spectrometry,
dating back to 1918 when it was first introduced by A. J. Dempster. It has colloquially
been called electron impact ionization.15 Ionization by EI involves bombarding neutral
analyte molecules with high energy electrons (typically 70 eV) in the gas phase, which
causes an electron to be ejected, resulting in the formation of a radical cation (molecular
ion; Scheme 2.1). Energy in excess of the ionization energy for the analyte can internally
excite the newly formed ion, thus inducing fragmentation.

M + e-  M+• + 2e- (where M = analyte molecule)
Scheme 2.1 Electron ionization of an analyte molecule.
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An advantage of EI is its great reproducibility, which has led to the development of
extensive mass spectral libraries.23

2.2.2 Chemical Ionization
Chemical ionization (CI) generates analyte ions via chemical reactions with
specific reagent ions.16-18 These reactions may involve proton transfer, proton abstraction,
adduct formation, or charge exchange, etc. Pressures and/or reaction times employed in CI
are generally greater than for EI to ensure multiple collisions between analytes and reagent
ions. CI typically generates ions possessing much less excess energy than EI, which allows
for the generation of stable molecular ions (M+•) or pseudo-molecular ions (notably MH+)
without causing excessive fragmentation.24,25
In the work presented in this dissertation, CI was utilized to generate molecular ions
(M+•) and protonated molecules (MH+) via charge exchange and proton transfer,
respectively. Most of the work presented in this dissertation utilized charge exchange. A
typical CI reaction sequence is shown in Scheme 2.2.

R+• + M  R + M+• (where R = reagent)
Scheme 2.2 Chemical ionization of an analyte molecule (M).

The difference between generating molecular ions by EI and by CI via charge exchange is
that the molecular ions M+• generated by CI possess a narrow internal energy distribution
determined by the enthalpy of reaction of the reagent ion and the neutral analyte.26 The
exothermicity of the charge exchange reaction is determined by the recombination energy
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(RE) of the reagent ion minus the ionization energy of the neutral analyte. Hence, the
approximate amount of internal energy imparted into the analyte ion may be reduced by
choosing a reagent ion with RE close to the IE of the analyte.

2.2.3 Electrospray Ionization
The development of electrospray ionization (ESI) in 1989 by Fenn21 expanded the
applicability of MS to many compounds that were previously not amenable to MS due to
their high molecular weight or thermal lability. ESI is considered a “soft” ionization
method since it typically does not cause much or any fragmentation. ESI involves the
transfer of preformed ions from solution into the gas phase by passing the solution through
a metal needle with a high DC voltage (typically ± 3-5 kV) applied to it. An illustration of
the ESI process can be seen in Figure 2.1.

Figure 2.1 Illustration of the ESI process for producing gas-phase positively charged
analyte ions. The letters “S” and “M” denote solvent and analyte molecules, respectively.
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Nitrogen gas is also utilized at the tip of the ESI needle to assist nebulization of the solution
and begin the desolvation process of analyte ions (MH+). Due to the high voltage, a Taylor
cone forms27-29 at the tip of the ESI needle resulting in the production of multiply charged
fine droplets. As solvent evaporates from these droplets, the residual charges migrate to the
surface of the droplet and experience greater repulsion as the droplet becomes smaller.
Eventually, Coulombic forces overcome the surface tension of the droplet at a point known
as the Rayleigh stability limit.30,31 The droplet forms a distorted prolate ellipsoid with
progeny jets which eject progeny droplets that are much smaller than the parent droplet
from which they formed.32,33 The charge-to-volume ratio increases with every iteration of
this process. Thus, the rate at which new progeny droplets reach the Rayleigh stability limit
also increases. These droplets divide many times until all solvent has evaporated, leaving
only gas-phase ions.
The generation of gas-phase ions from progeny droplets in ESI has been proposed
to occur by two competing mechanisms: the ion evaporation model34,35 and the charge
residue model.36 These two mechanisms are depicted in Figure 2.2. According to the ion
evaporation model, as the charged droplets attain the Rayleigh limit, the charge on their
surface becomes sufficiently large to cause desolvated ions or scarcely solvated ions to be
ejected from the droplet. Conversely, according to the charge residue model, the highly
charged droplets shrink due to solvent evaporation until the strength of the electric field at
the droplet surface location with the highest curvature is large enough to form a Taylor
cone. Smaller droplets are emitted from the Taylor cone and the process repeats until
droplets form that contain a single analyte ion. This analyte ion is eventually released into
the gas phase by evaporation of the solvent.37
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Figure 2.2 Illustration of the two competing ion generation models for ESI.

Small molecules typically form ions possessing a single charge, most notably protonated
molecules (MH+) in positive ion mode or deprotonated molecules ([M-H]-) in negative
mode. The formation of these ions depends on their precursor molecules’ basic or acidic
properties in solution. ESI is also capable of forming multiply charged ions for larger
molecules possessing multiple acidic or basic functionalities, such as biopolymers38 and
proteins.39 Additionally, the study of noncovalent complexes is also possible by ESI. This
is of high interest because the binding affinities of small ligands to proteins may be
examined with the aid of ESI of their complexes.40,41

2.2.4 Atmospheric Pressure Chemical Ionization
Atmospheric pressure chemical ionization (APCI) is another common ionization
technique that is considered “soft” yet not as gentle ESI.22,42 In APCI, analyte ions are
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formed through a series of gas-phase reactions involving ionized nitrogen drying gas,
ambient oxygen, water vapor, and/or solvent molecules. A typical cascade of reactions
resulting in the formation of gas-phase protonated analyte ions is shown in Scheme 2.3.

Ionization of drying gas via corona discharge:
N2 + e-  N2+• + 2eCharge exchange with solvent molecules:
H2O + N2+•  H2O+• + N2
Proton transfer between ionized and neutral solvent:
H2O + H2O+•  H3O+ + HO•
Protonation of analyte molecules:
M + H3O+  MH+ + H2O
Scheme 2.3 Gas-phase ionization processes occurring during and after a corona discharge

APCI can be used to generate pseudo-molecular ions (i.e., MH+, [M-H]+) and also
molecular ions depending on the solvent or reagent used.24,43,44 Figure 2.3 shows an
illustration of an APCI source. In APCI, the solution containing the dissolved analyte flow
through a capillary within a ceramic heater (typically 250 – 500 ᵒC) where it is nebulized
by nitrogen gas running coaxial to the capillary and vaporized. Solvent and analyte vapor
exit the APCI source probe and are exposed to a corona discharge plasma which is
generated by applying a high voltage (3-6 kV) to the corona discharge needle.

14

Figure 2.3 Illustration of APCI source operating in positive ion mode.

Due to the high frequency of ion-molecule collisions in APCI, high ionization efficiency
of analyte ions is achieved.42

2.3 Linear Quadrupole Ion Trap (LQIT) Mass Spectrometry
Linear quadrupole ion traps have grown in popularity since their inception13,14 as a
result of their versatility and high sensitivity. The principles of operation are similar to the
3-D quadrupole ion traps45,46 (QIT); however, LQITs have many advantages over 3-D QITs.
The ion trapping capacity of the LQITs is sixteen times greater than for QITs and the
trapping efficiency is also greatly improved.13 Additionally, the larger capacity for storing
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ions and improved ejection efficiency of the LQITs have made them suitable as front-end
analyzers for other types of mass spectrometers, such as LQIT-FT-ICR47 and LQITOrbitrap.48
The LQIT mass spectrometers used for the work presented in this dissertation are
Thermo Scientific LTQ13,49 mass spectrometers equipped with an ESI or APCI source and
coupled with Thermo Scientific Surveyor Plus HPLC systems. A Dell Optiplex
workstation (Microsoft Windows XP operating system) running Xcalibur 2.1 software was
used to control instrument functions and acquire and process data. A schematic of a LQIT
mass spectrometer is shown in Figure 2.4.

Figure 2.4 Schematic of the Thermo Scientific LTQ mass spectrometer, including
operating pressures for each region of the instrument.
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The LQIT can be divided into three sections: 1) the atmospheric pressure ionization (API)
stack, 2) the ion optics region, and 4) the mass analyzer region, where the linear quadrupole
ion trap and ion detection system are located. The instrument was differentially pumped,
thus, each region operated at a different pressure. Pressure in the API stack region after the
sweep cone was maintained at ~ 1 Torr by two Edwards E2M30 rotary-vane mechanical
pumps pumping at a rate of 650 L/min and monitored by a convectron gauge. The ion
optics and mass analyzer regions were maintained by a Leybold T220/150/15S triple-inlet
turbomolecular pump. The first inlet (25 L/s) maintained the pressure in the region housing
the multipole Q00 at 0.5 – 100 mTorr. The second inlet (300 L/s) evacuated the
differentially pumped region housing the multipole Q0 which was partially sealed from the
previous higher pressure region by a lens aperture (lens 0). The pressure in this region was
maintained at 1 mTorr. The third inlet (400 L/s) maintained the pressure in the mass
analyzer region at 1 x 10-5 Torr, as monitored by an ion gauge. This vacuum region, which
housed the multipole Q1 and the linear quadrupole ion trap, was also partially sealed from
the higher pressure regions of the instrument by a lens aperture (lens 1).
Generation of ions occurred under ambient conditions in the Ion Max API source
shown in Figure 2.5. ESI and APCI source probes could be easily interchanged in the Ion
Max API source. A read-back voltage from the Ion Max source informed the LQIT
instrument which type of source probe was installed. Position adjusters for x, y, and z
movements of the source probe facilitated position optimization for optimal ESI spray and
ion plume location.
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Figure 2.5 Photo of the Ion Max API source equipped with an ESI source probe. Source
probe position adjusters are indicated for the x, y, and, z movements.

Figure 2.6 Illustration of the API stack region consisting of the heated transfer capillary,
tube lens, and skimmer cone.
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Ions are generated in the Ion Max API source via APCI or ESI and drawn into the
mass spectrometer through a heated (typically 250 – 300 ᵒC) transfer capillary aided by a
negative pressure gradient (760 Torr  1 Torr) as shown in Figure 2.6. Ions and residual
neutral molecules, such as those of the solvent, exit the transfer capillary and expand as
they enter the much lower pressure (~1 Torr) region before the skimmer cone. A likepolarity DC voltage applied to a circular lens, called the tube lens, serves to focus the
emerging ions through the small circular orifice of the skimmer cone. The DC voltage
applied to the tube lens creates a mass bias, with ions of higher m/z values requiring a
higher voltage to be focused than ions with lower m/z values. Additionally, higher DC
voltages applied to the tube lens increases ions’ kinetic energies which may cause ions to
fragment via collisions with residual solvent molecules and N2 gas in the API stack. Thus,
the DC voltage applied to the tubes lens needs to be tuned for optimal transmission of ions
through the skimmer cone without causing fragmentation. The skimmer cone has no
voltage applied to it and is positioned off-axis relative to the transfer capillary to block
neutral molecules from progressing further into the mass spectrometer. After passing
through the skimmer cone, ions are guided by ion optics, which direct them into the LQIT
mass analyzer. The ion optics consist of two square-rod quadrupoles (Q00 and Q0) and a
cylindrical-rod octupole (Q1) which serve as ion guides. Two lenses (0 and 1) serve as
vacuum baffles between different pressure regions of the instrument and focus ions as they
pass through the mass spectrometer.
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Figure 2.7 Typical DC voltages applied to the different ion optical elements for
transmission of ions.

Ions emerging from quadrupole Q00 typically have lower kinetic energies than ions
generated and accelerated in vacuum sources due to the higher pressure in the API stack
which reduces ions’ kinetic energies via multiple collisions with residual solvent molecules.
Thus, a downhill potential gradient is needed to transmit the ions further into the instrument
towards the LQIT mass analyzer (Figure 2.7).
Ions enter the LQIT after passing through a front lens (Figure 2.4). The LQIT
consists of four hyperbolic rods that are each divided into three sections: front, center, and
back, as shown in Figure 2.8. The front and back sections are 12 mm long in the z-direction.
The center section is 37 mm long. Two of the rods in the center section, called x-rods, have
0.25 x 30 mm slits which allow ions to be ejected from the trap in the x-direction for
detection by two pairs of conversion dynodes and electron multipliers. The fundamental
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aspects of ion trapping, activation, and detection in the LQIT are discussed in the following
sections.

Figure 2.8 Schematic of the linear quadrupole ion trap.

2.3.1 Ion Motion in the LQIT
Ions are trapped axially and radially in the linear quadrupole ion trap through a
combination of RF and DC voltages applied to the hyperbolic rods. Applied quadrupolar
RF fields are similar to those used in quadrupole mass filters.45,46,50 Ions are trapped radially
(in x-y plane) through the use of two phases of the main RF voltage applied to the rods
which has constant frequency (1.2 MHz) but variable amplitude (±5 kV peak-to-peak). RF
voltage on adjacent rod pairs 180ᵒ out-of-phase. Thus, adjacent rods have identical RF
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amplitude applied to them but opposite polarity while opposing rods have the same polarity
and RF amplitude. This creates a quadrupolar field that is weakest in the center of the trap.
A supplementary RF voltage is applied to the x-rods in addition to the main RF voltage for
excitation, isolation, and ejection of ions. The supplementary RF voltage is a dipolar (180ᵒ
out-of-phase) RF voltage of variable frequency (5-500 kHz) and amplitude (±80 V peakto-peak). Additionally, different DC voltages (±100 V) are applied to the three sections of
the ion trap to confine ions axially.

2.3.1.1 Radial Motion
The forces that confine ions radially (x-y plane) are identical to those used in a
quadrupole mass filter.45,46,50 RF and DC voltages are applied to the four hyperbolic rods
to yield the following potentials (Φ0):
Φ

Ω

(2.1)

where U is the applied DC voltage, V is the zero-to-peak amplitude of the RF voltage, Ω is
the angular frequency (2πν) of the main RF field, and t is time. The application of these
voltages creates a quadrupolar electric field in the space between the four hyperbolic rods.
When ions are injected into the LQIT along the z-axis, they are subjected to the following
forces in the x- and y- directions due to these potentials:

d
d2x
Fx  m 2  ze
dx
dt

(2.2)
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where the potential in the x-y direction can be written as

 ( x, y )

 0 ( x 2  y 2 ) (U  V cos t )( x 2  y 2 )


r02
r02

(2.4)

where m is the mass of the ion, e is the elementary charge, z is the number of charges of
the ion, and r0 is the radius of a circle inscribed within the space between the four rods.
Rearrangement of these equations leads to the following equations of ion motion:
d 2 x 2 ze

(U  V cos t ) x  0
dt 2 mr02

(2.5)

d 2 y 2 ze

(U  V cos t ) y  0
dt 2 mr02

(2.6)

These equations are similar to the general form of the Mathieu equation,

d 2u
 (au 2qu cos2 )u  0
dt 2

(2.7)

Thus, by performing a change of variables where



t
2

the equations of motion can be expressed in terms of the Mathieu equation:

(2.8)
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qu 
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mr02  2

(2.10)

wherein
(2.11)
(2.12)
The variables au and qu are the Mathieu stability parameters. For a particular ion to have a
stable trajectory within the quadrupolar field, its au and qu values must fall within the
stability region defined by the Mathieu stability diagram. The most well-defined and
widely used overlap region of the Mathieu stability diagram is shown in Figure 2.9.
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Figure 2.9 The most well defined and widely used region of the Mathieu stability diagram.
The colored circles represent ions of varying m/z values with the larger circles
corresponding to ions of larger m/z than the smaller circles. The spatial distribution of ions
in q-space is indicated. Ions possess stable trajectories within the overlap region.

The LQIT is usually operated with au = 0 so that a larger range of ions may be trapped
simultaneously.
Each ion of a unique m/z value oscillates at a specific frequency called the secular
frequency (ωu). The secular frequency can be calculated using the following equation:

u 

1
u
2

(2.13)
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where ωu is the angular frequency of the RF field applied to the rods and βu is the Dehmelt
approximation for a qu value less than 0.4, which can be expressed using the following
equation:




 u   au 

1 2
qu 
2 

(2.14)

The value of βu must be between 0 and 1 for an ion to have a stable trajectory in the ion
trap.46 Thus, the maximum secular frequency an ion is capable of having is one half of the
angular frequency ωu. Additionally, the secular frequency of an ion is proportional to its qu
value but inversely proportional to its m/z value. Thus, ions with lower m/z will oscillate at
higher secular frequencies and possess larger qu values.
Ions confined in the trapping area of the LQIT exist in a pseudopotential well with
a well depth (Du) given by:

Du 

q uV
4

(2.15)

Du is known as the Dehmelt pseudopotential well.46 As ions with lower m/z values have
higher qu values than ions with higher m/z values, they will exist in deeper pseudopotential
wells.51 The depth of the pseudopotential well is an important factor in determining an
appropriate qu value (RF voltage) to use for resonant excitation or ejection of a particular
ion of interest.
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2.3.1.2 Axial Motion
Ion motion in the LQIT is confined axially (z-direction) by the application of DC
potentials to the front and back lenses and the front and back sections of the trap that are
of the same polarity as the trapped ions.49 Application of these repulsive potentials to the
front and back sections of the trap causes ions to be trapped axially in the center of the trap.
An illustration of the DC potential well is shown in Figure 2.10. Fringe fields created by
the DC potentials on the front and back lenses are also reduced by the DC potentials applied
to the front and back sections of the trap. Also, more efficient ejection of ions through the
x-rods is achieved by maintaining the ions’ position in the center of the trap.13

Figure 2.10 Potential energy well created through the application of a greater DC potential
(V) on the front and back sections (DC 1 and DC 3) than the center section (DC 2) of the
ion trap with illustration of ions confined in the z-direction.
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Another crucial factor for the efficient trapping of ions in the LQIT is the use of an
inert buffer gas (helium is the gas of choice for the Thermo Scientific LTQ).52 The
downward potential gradient used to draw ions into the trap from the API source causes
them to gain a significant amount of kinetic energy. The constant presence of a buffer gas
(~3 mTorr) serves to cool the ions as they enter the trap through multiple low energy
collisions. These collisions transfer energy from the incumbent ions and allow the ions to
be trapped more efficiently by the DC and RF potentials as well as to concentrate the ions
into the center of the trap (along the z-direction). Sensitivity, mass accuracy, and mass
spectral resolution are improved through the use of a buffer gas in the LQIT.

2.3.2 Ion Ejection and Detection
Ions were detected by an external electron multiplier after being ejected from the
LQIT using a technique known as the “mass selective instability scan”.53 As stated above,
the LQIT generally operates with an au value of zero; thus, ejection of ions is achieved by
ramping the amplitude of the main RF voltage applied to the rods of the ion trap. According
to equation 2.10, as the main RF voltage is increased, the q-values of ions increases and
the ions are ejected when their q-value exceeds 0.908, which is called stability limit (a = 0,
q = 0.908). This technique was originally used in QITs to eject ions for detection.53
However, ejecting ions by this method has undesirable side effects since the ions exit the
trap in an unsystematic manner. As an improvement, the LQIT uses resonance ejection
described below which gives better resolution, mass range, and sensitivity.54
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Resonance ejection of ions is achieved by applying a supplementary RF voltage to
the x-rods of the LQIT which facilitates dipolar excitation of ions in the x-direction. The
supplementary RF voltage is lower in amplitude and frequency than the main RF voltage
(~400 kHz; ~5 – 50 V). As the main RF voltage is increased, ions come into resonance
with the supplementary RF voltage as their secular frequency (Eq. 2.13) matches that of
the supplementary RF. Ions gain additional kinetic energy from the supplementary RF
voltage which increases the amplitude of their motion in the x-direction causing them to
be ejected from the trap through the slits in the x-rods (Figure 2.10). The Thermo Scientific
LTQ mass spectrometer uses the mass selective instability scan with resonant ejection at q
= 0.880 as shown in Figure 2.11. In addition to above stated improvements using resonant
ejection, higher scan speeds are also possible while maintaining unit resolution.55
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Figure 2.11 Increasing the main RF voltage (VRF) brings ions into resonance with the
supplementary RF frequency which facilitates resonant ejection of ions from the trap at qu
= 0.880.
Upon ejection of ions from the trap through the x-rods, they are detected by two
detection systems on both sides of the mass analyzer. A depiction of the ion ejection and
detection event is shown in Figure 2.12 for the Thermo Scientific LTQ mass spectrometer.
Upon exiting the x-rods, the ions are attracted to the conversion dynodes that are held at 15 kV (for positive ions). The ions strike the conversion dynode and multiple secondary
particles (neutral molecules, electrons, or negative ions) are generated. They are directed
toward the electron multiplier (due to the concave shape of the conversion dynode) for
detection. Every particle that strikes the inside wall of the electron multiplier causes one or
more electrons to be ejected from the surface. The ejected electrons accelerate into the
cathode, drawn by the increasingly positive potential gradient. Every newly generated
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electron that strikes the inner surface of the cathode causes the emission of more electrons,
thus amplifying the current at the end of the cathode where the electrons are collected by
the anode. The resulting current is proportional to the number of secondary particles
striking the cathode. The measured current is assigned to a particular m/z value, and
reported as ion abundance, thus, generating a mass spectrum.

Figure 2.12 Ion detection set-up consists of a conversion dynode and an electron multiplier.
Ions exiting the trap through slits in the x-rods are attracted to the conversion dynode and
converted into secondary particles. These secondary particles strike the inner cathode
surface of an electron multiplier, resulting in a cascade emission of electrons thus
amplifying the signal that is measured at the anode cup.
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2.3.3 Tandem Mass Spectrometry (MSn)
Tandem mass spectrometry (MSn) involves multiple stages of ion isolation
followed by fragmentation or other reactions. In an LQIT, these multiple stages do not
occur in separate regions of the mass spectrometer but instead they all occur in the trap and
are separated in time. An MS/MS (MS2) experiment is performed by isolating an ion of
interest and subjecting it to fragmentation or other reactions followed by ejection and
detection of the product ions.12 An MS3 experiment involves isolation of one of the product
ions from the MS2 experiment and subjecting it to further reactions followed by detection.
Repeating this process by adding additional stages of ion isolation followed by
fragmentation or other reactions facilitates structural characterization of ions. In this
dissertation, MSn experiments involving collision-activated dissociation (CAD) and ionmolecule reactions are discussed.

2.3.3.1 Ion Isolation
A prerequisite to tandem mass spectrometric analysis is ion isolation. The LQIT
achieves this by ramping RF voltage in conjunction with resonance ejection to remove all
unwanted ions from the trap, leaving only the ion(s) of interest. As discussed above,
increasing the main RF voltage causes the qu value to increase for all ions. Ions of different
m/z values possess different secular frequencies at a given RF voltage (equation 2.10). A
graphical representation of the ion isolation process can be seen in Figure 2.13. First, the
RF voltage is increased to give the ion of interest a qu value of 0.830. This results in the
ejection of many ions with lower m/z values than the ion of interest. Next, a broadband
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waveform called the isolation waveform (tailored waveform) is used to excite all remaining
ions via resonant ejection, with the exception of the ion of interest. This is accomplished
in a Thermo Scientific LTQ by applying a 5 – 500 kHz multi-frequency waveform with
sine components spaced every 0.5 kHz, with a notch at qu = 0.830, the qu value of our ion
of interest.13 Immediately following isolation, the qu value of the isolated ion(s) is adjusted
to 0.250 (this may also be adjusted manually in the Xcalibur software) for MS/MS
experiments.
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Figure 2.13 (a) Ions trapped in the LQIT. (b) Ramping the main RF voltage gives the ion
of interest a qu value of 0.830; many lower m/z ions are ejected from the LQIT. (c) A
tailored waveform is applied that spans the secular frequencies of all ions except the ion of
interest to eject all remaining unwanted ions from the trap.
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2.3.3.2 Collision-Activated Dissociation (CAD)
Collision-activated dissociation in LQIT involves heating ions through multiple
low energy inelastic collisions with the ever-present helium buffer gas in the trap.56 CAD
can be categorized into “slow” or “fast” regimes, dependent upon the rate that energy is
deposited into the ion.57 For the purposes of the work presented in this dissertation, only
the “slow” heating method was used and, therefore, will be discussed further. By default,
isolated ions are stored at a low qu value of 0.250. The low qu value is a compromise
between efficient energy deposition for CAD and efficient trapping of product ions. Higher
qu values prevent low m/z ions (fragments) from being trapped. At a qu value of 0.250,
fragment ions with a m/z value approximately 25% of the precursor ion’s m/z and lower
will not be trapped. This is often referred to as the low-mass cutoff (LMCO). A
supplementary RF voltage (typically <1 V peak-to-peak) at the secular frequency of the
ion is applied to the x-rods for 30 ms (user defined) to increase the ion’s kinetic energy by
dipolar excitation. This is often referred to as a “tickle” voltage since the energy deposited
is not enough to eject the ion. As the kinetic energy of the ion increases, it undergoes
several energetic collisions with the helium buffer gas present in the trap. These collisions
convert part of the ion’s kinetic energy into internal energy (rovibrational energy). The
internal energy of the ion increases gradually through multiple collisions until the
dissociation threshold of the ion is met and the ion dissociates. Since only the secular
frequency of the precursor ion is excited during resonance excitation, the product ions that
are formed will not be excited further after fragmentation, which prevents further
fragmentation of the fragment ions.
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The Thermo Scientific LTQ also offers a feature to bypass the LMCO in CAD
experiments, pulsed q collision-activated dissociation (PqCAD).58 This activation method
utilizes a larger qu value (typically qu > 0.6) and a greater RF voltage (~1 – 2 V) during
excitation and a shorter activation time (typically 100 μs) than conventional CAD. Upon
activation of the precursor ion, the main RF voltage is quickly dropped to a low value,
lowering the qu value as a result and thus trapping many of the lower m/z product ions. One
consequence of PqCAD is that dissociation of the precursor ion is less efficient as a result
of premature ejection of the precursor ion due to the larger tickle voltage used.59

2.3.4 Ion-Molecule Reactions
The use of gas-phase reactions between isolated ions and neutral molecules in
tandem mass spectrometry has become a powerful technique for solving an array of
complex analytical problems.60-62 Ion-molecule reactions (IMRs) may occur readily in the
gas-phase provided the kinetic energies of the ion and neutral molecule are sufficiently low
to allow for a long-lived collision complex.63 Gas-phase reactions occurring in mass
spectrometers are unhindered by solvent and behave as isolated systems due to the high
vacuum. This results in an energy profile that is different from those describing IMRs
occurring in solution (Figure 2.14).
The Brauman double-well potential energy surface model can be used to describe
IMRs occurring in the gas phase for both negative and positive ions.64,65 An illustration of
the double-well potential energy surface for a reaction between a neutral molecule and a
positive ion can be seen in Figure 2.15. According to this model, IMRs proceed by
formation of a reactant complex between the neutral molecule and the ion via ion-dipole
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and ion-induced dipole forces (solvation energy).66 The solvation energy afforded upon
formation of the reactant complex may be sufficient to overcome barriers along the reaction
coordinate leading to formation of products. Since the reaction is occurring in high vacuum,
the total energy of the system is conserved, thus, the overall reaction must be exothermic
to occur. The rates for these reactions are controlled by the difference in energy between
the transition states and the separated reactants (ΔE). In solution, the potential energy of
the system is lowered due to the solvation energy afforded by the presence of solvent
(Figure 2.14). Ion-molecule reactions occurring in the gas phase are typically faster than
those occurring in solution. This is partially a result of the higher concentration of
molecules in the solution phase which may hinder the approach of reactants.
Another factor controlling the rates of gas-phase IMRs is the entropy of the
transition state, as shown in Figure 2.15. For reactions where the orientation of the ion and
neutral molecule is very specific, as is common for rearrangements involving ring-closure,
the transition state is considered “tight” (low entropy) and may proceed slowly or not at all.
Conversely, reaction pathways possessing a “loose” transition state have many available
orientations to proceed to products, such as simple bond cleavages, thus, these reactions
are entropically more favorable.
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Figure 2.14 Potential energy surface for ion-molecule reactions occurring in solution.
Solvation energy afforded by the presence of solvent lowers the energy of the separated
reactants and products relative to that of the transition state.
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Figure 2.15 The Brauman double-well potential energy surface for a simple ion-molecule
reaction in the gas phase, including an illustration of the energy-levels spacing for the
transition state complex [A----B----C]+ and separated reactants.
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In order to study IMRs in the LQIT, a multiported pulsed valve reagent inlet system
was developed during this thesis research.67 A schematic of the pulsed valve inlet system
is shown in Figure 2.16. In this setup, reagents were introduced into the ion trap by using
series 9 pulsed valves mounted sequentially on stainless steel tubing. Each pair of pulsed
valves was used for introducing a single reagent into the LQIT. The space in the tubing
between the pair of pulsed valves behaves as a vacuum baffle. Each steel tube contains a
tee connector with a Swagelok Ultra-Torr fitting, which houses a rubber septum for
introducing reagents into the steel tubing. A vacuum valve (Figure 2.16) on the steel tube
nearest to the space containing the reagent was opened to pump the reagent away after the
completion of an experiment. The steel tube contains two pulsed valves (labeled 1 and 2;
Figure 2.16), which are opened one at a time to introduce the reagent contained within the
steel tube into the vacuum region of the LQIT. The valves were manually controlled using
a waveform generator which sent an electronic signal to a pulse/delay generator. The
pulse/delay generator controlled the timing and width of each pulsed valve event, which
were optimized for each reagent. More volatile reagents required shorter pulses than
reagents with high boiling points.
Reagents were introduced by first opening the pulsed valve nearest to the space in
the steel tube containing the reagent (i.e., the steel tube between pulsed valve 1 and the
vacuum valve as shown in Figure 2.16) for a set amount of time. This allows the reagent
to flow into the space between the pair of pulsed valves (i.e., between valves 1 and 2). The
amount of time the pulsed valve was open was determined by the width of the electronic
pulse received by the pulsed valve driver from the pulse/delay generator. Next, the pulsed
valve that interfaces with the LQIT (pulsed valve 2) was opened for a set amount of time
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to allow the reagent to flow into the vacuum region of the LQIT where it can interact with
ions in the trap.

Figure 2.16 Pulsed valve reagent introduction system coupled with a LQIT.

2.3.5 High-Performance Liquid Chromatography/Mass Spectrometry (HPLC/MS)
Tandem mass spectrometry is a powerful method for studying mixtures; however,
there are instances where prior separation of analytes is necessary, such as the analysis of
isomers or complex mixtures. With the advent of atmospheric pressure ionization
techniques, such as ESI and APCI, HPLC coupled with MS has become an important tool
for structure elucidation of analytes in mixtures.68,69 Additionally, coupling HPLC with
mass spectrometry allows trace levels of analytes to be identified from mixtures without
the need for sample preparation.
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A Thermo Scientific Surveyor Plus HPLC system consisting of a quaternary pump,
autosampler, thermostatted column compartment, and photodiode array (PDA) was used
for the work presented in this dissertation. Analytes were separated using a reversed phase
300 X 7.8 mm Phenomenex Rezex ROA-organic acid analytical column that was
maintained at 60 ᵒC during the LC separation. A mobile phase consisting of 0.1% formic
(v/v) in water was used for all separations. The volume of sample solution loaded onto the
column was 25 μL. Separation was accomplished by using a flow rate of 400 μL min-1 and
isocratic elution.

2.4 Density Functional Theory (DFT) Calculations
Density functional theory (DFT) is currently the most successful approach to
calculating the electronic structures of molecules. DFT has found widespread application
in the fields of chemistry, biology, and physics.70-72 In chemistry, DFT can be used to
predict molecular structures, vibrational frequencies, ionization energies, spin densities,
reaction pathways, etc. In this dissertation, DFT was primarily used to predict minimum
energy structures and transition state structures involved in a variety of chemical
transformations occurring in the gas phase. The mechanisms of dissociation and
rearrangement reactions of gas-phase ions may be elucidated with the use of DFT
calculations. Furthermore, gas-phase ion-molecule reactions occurring between neutral
molecules and ions can be studied mechanistically using DFT. A brief introduction to DFT
functionals and basis sets is presented here with implications for performing DFT
calculations that are chemically relevant for the systems being investigated in this thesis.
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2.4.1 DFT Background
The main premise of DFT is that the energy of a molecule can be determined from
its electron density. The theory was originally derived from two theorems73 proved by
Hohenberg and Kohn in 1964:
Theorem I: For any system of interacting particles in an external potential Vext
, the
density is uniquely determined (i.e., the external potential is a unique functional of the
density
).
Theorem II: A universal functional for the energy E[ρ] can be defined in terms of the
density such that:

0

(2.16)

therefore
(2.17)
where E[ρ] is the energy functional deriving from the electron density. In other words,
given the charge density, the Hamiltonian operator can be uniquely determined and with
this the wave functions ψ of all states and all material properties can be calculated. Thus,
the electron density determines the positions and charges of the nuclei and thus determines
the Hamiltonian.
At the heart of DFT is the electron density. It is defined as the integral over the spin
coordinates of all electrons and all spatial variables
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, with the exception of one:

(2.18)
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Thus, the density function

determines the probability of finding N electrons within a


volume dr . The function

is non-negative and incorporates the three spatial variables

which vanish at infinity and integrates to the total number of electrons N:

→∞

0

(2.19)
(2.20)

For any particular atom, the gradient of

possesses a discontinuity resulting in a cusp

at the atomic nucleus due to the unbounded electron-nucleus Coulomb potential74:

lim
→

where Z is the nuclear charge and

2
̅

0

is the spherical average of

(2.21)

.

2.4.1.1 Functionals
As discussed above, the electron density can be used to determine the Hamiltonian
from which the wave function can be determined and energy eigenvalues. However,
solving the Schrӧdinger equation is challenging in most cases due to the electron-electron
interaction term in the Hamiltonian. Thus, in 1965, Kohn and Sham75 simplified the
Hamiltonian operator by constructing it as a sum of one-electron operators representing a
system of non-interacting electrons. Although such a system is fictitious since electrons do
interact, it makes solving the Schrӧdinger equation easier and produces an overall ground
state density that is identical to the same system where the electrons do interact. The
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Hamiltonian for such a system is expressed as a sum of one-electron operators which have
eigenfunctions that are Slater determinants of the one-electron eigenfunctions.75 The total
energy is expressed as a functional (a function of a function) of the charge density by

(2.22)
where Ts is the kinetic energy of the non-interacting electrons , derived from the KohnSham orbitals, υext is the external potential, VH is the Hartree (Coulomb) energy, and Exc is
the exchange-correlation energy functional. Exc includes the effects of quantum mechanical
electron-electron repulsion, the kinetic energy difference between the fictitious noninteracting electron system and the real system of interacting electrons, and a correction
for the classical self-interaction (interaction of an electron with itself) energy. DFT often
makes a local approximation for the exchange-correlation energy functional Exc[ ] which
often gives inaccurate descriptions of the vibration frequencies, bond lengths, and
atomization energies of molecules.76 On the other hand, hybrid functionals provide a
scheme for improving the accuracy of these molecular properties.
Hybrid functionals utilize a portion of the exact exchange energy from the selfconsistent field exchange used in Hartree-Fock theory and combine it with ab initio
calculations of the exchange-correlation energy.77-80 A popular hybrid functional used for
the work presented in this dissertation is the Becke 3-parameter Lee-Yang-Parr (B3LYP)
functional. This method uses the Becke8878 (B) exchange functional combined with the
Lee-Yang-Parr81 (LYP) correlation functional using a 3-parameter functional expression
which smoothly converts the Kohn-Sham system of non-interacting electrons into the real
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interacting system.79 The B3LYP functional shows correct asymptotic behavior of the
energy density at long range and LYP is designed to calculate the full correlation energy.

2.4.1.2 Basis Sets
A basis set is a set of mathematical functions (basis functions) from which the wave
function is constructed.82 In DFT calculations, molecular orbitals (MOs) are expressed as
linear combinations of basis functions. The atomic orbitals (AOs) used to construct the
MOs are described effectively with Slater-type orbitals83 (STOs) since they correctly
exhibit the exponential decay of electron density with distance and the appropriate radial
shape near the atomic nucleus. However, STOs are computationally laborious. As a result,
the advent of approximating the STOs using a linear combination of Gaussian-functions,
called primitives, became a common practice due to the ease at which they can be
calculated.84 This led to a large reduction in computational cost.85 The linear combination
of Gaussian primitives (functions) to approximate the AO is described as a “contracted”
basis function. The molecular orbitals are then formed as a linear combination of AOs ϕ
by

n

 i   ck k

(2.23)

k 1

where φi represents the i-th molecular orbital, ck is the coefficients for the k-th AO, and ϕk
is the k-th AO for n number of orbitals. Utilizing a similar contraction scheme, the AOs
are formed as a linear combination of Gaussian functions by

45

b

k  d wy g w

(2.24)

w1

where the constants dwy are the contraction coefficients and gw are the Gaussian functions
used to construct the AOs. One of the first minimal basis sets to come from this type of
contraction scheme was STO-3G (Slater-type orbital-3 Gaussians). STO-3G uses a linear
combination of three Gaussian primitives to approximate the Slater-type orbital which
itself is an approximation of the AO. For lithium, this would imply two functions (1s and
2s), each constructed as a linear combination of three Gaussians. As an example, the 1s
AO of lithium would be expressed by

1s 

b

 d w,1s g w

(2.25)

w1

where
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3
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(2.26)

is the 1s Gaussian function and b is the number of Gaussians used in the contraction. With
the addition of more Gaussians, the approximation of the atomic orbitals is improved.
However, a better method to approximate the shapes of the AOs is to ‘decontract’ these
contracted basis sets by adding more Gaussian primitives to each STO (basis function). A
basis set that incorporates two basis functions for each AO with each function comprised
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of N Gaussian primitives is called a double-ζ (double-zeta) basis set. A basis set constructed
of three basis functions is called a triple- ζ basis set and so forth. The advantage of multipleζ basis sets is that with increasingly larger basis sets composed of many basis functions,
the approximation of the wave function improves and thus, the accuracy of the calculation.
In terms of chemical bonding, the valence shell orbitals have the highest variability
and are the most influential in bond formation. For this reason, split-valence basis sets were
developed to add more flexibility to the valence shell orbitals. For these basis sets, the core
orbitals are comprised of a single basis function while the valence orbitals are comprised
of multiple basis functions. Some of the most popular split-valence basis sets were
developed by John Pople and coworkers.86 These include the widely used 3-21G, 6-31G,
and 6-311G basis sets. The contraction scheme for the 6-311G basis set for approximating
the AOs of lithium can be seen in Figure 2.17.

# of Gaussian functions
summed to describe
the 1s orbital

Normalized Gaussian
function used in the second
basis function describing
the 2s orbital

6-311G
# of Gaussian functions
summed in the first
basis function describing
the 2s orbital

Normalized Gaussian
function used in the third
basis function describing
the 2s orbital

Figure 2.17 Notation for the 6-311G basis set used to approximate the AOs of lithium.
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Split valence basis sets describe molecular bonding more accurately by allowing
the electron density to modify its spatial extent more appropriately for a particular chemical
environment. The contracted minimum basis sets do not offer this kind of flexibility which
is why only split basis sets were used for the work presented in this dissertation.
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CHAPTER 3. SYNTHESIS OF ASPHALTENE MODEL COMPOUNDS AND 2HAND 13C-LABELED DERIVATIVES OF DIPHENYLMETHANE

3.1 Introduction
A useful approach to characterizing individual unknown constituents within complex
mixtures by mass spectrometry is to study the fragmentation behavior of ions of relevant
model compounds with known structures and compare this to the fragmentation behavior
of analyte ions isolated from the ionized sample of interest.1 Appreciable agreement
between the fragmentation behavior of the analyte ion and the ionized model compound
may indicate that specific functional groups within the model structure are also present in
the analyte ion of interest. This requires an ionization method be used that is capable of
ionizing the sample and model compound. A valid ionization method must produce one
ion type containing the intact analyte molecule without aggregation or fragmentation for
all analytes present in order to yield a mass spectrum free of convolution.2
When specific model compounds are not readily available, synthesis is required. This
chapter discusses the synthesis procedures used to produce a multitude of asphaltene model
compounds and 2H- and

13

C-labeled derivatives of diphenylmethane used in the CAD

experiments discussed in chapters 7 and 8 of this dissertation, respectively.
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3.2 General Experimental Conditions
Most of the commercially available reagents were obtained from Sigma-Aldrich (St.
Louis, MO) or Alfa Aesar (Ward Hill, MA) and used as received. The synthesized
compounds were purified by column chromatography on a Teledyne Isco CombiFlash®
Rf200 chromatography system equipped with a photo-diode array detector, capable of
measuring UV-vis absorbance in the 200-780 nm wavelength range. Normal-phase silica
gel was used for all separations. New compounds were characterized by 1H NMR,

13

C

NMR, and high resolution mass spectrometry (HRMS). The melting point range was
measured for all solid compounds. Thin-layer chromatography (TLC) was used to monitor
the progress of reactions. UV light (254 nm) was used to visualize components on the
developed TLC plates. CDCl3 (Cambridge Isotope Laboratories) was used as the NMR
solvent. NMR spectra were acquired on a Bruker ARX (at 400 MHz for 1H and 100 MHz
for 13C) instrument and the chemical shifts are reported relative the residual solvent peak.
The spectra data are reported using the following format: chemical shift (δ) (multiplicity,
J values in Hz, integration). The following abbreviations were used to describe the
multiplicity: s = singlet, d = doublet, t = triplet, quin = quintet, sex = sextet, dd = doublet
of doublets, dt = doublet of triplets, m = multiplet. High resolution mass spectra are
reported in units of m/z and were acquired on an LTQ-Orbitrap XL. Mass (M) resolution
(R) for these measurements was 30000 (M/∆M). Samples were dissolved in carbon
disulfide (CS2) solvent and ionized by APCI operating in positive ion mode to yield the
molecular ion (M+•) which was observed for all model compounds.
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3.3 Synthesis of Asphaltene Model Compounds
Asphaltenes are the heaviest fraction of crude oil whose structural elucidation has
proven difficult. They are a complex mixture of aromatic hydrocarbons that are not easily
separated. Thus, the model compound approach is a useful strategy for deducing detailed
molecular-level characteristics of asphaltenes. However, the lack of commercially
available asphaltene model compounds necessitates synthesis. A total of 11 asphaltene
model compounds were synthesized according to the procedures described below. Figure
3.1 shows the structures and labels for each of the synthesized asphaltene model
compounds studied in Chapter 7 of this dissertation.

Br

Br

Br

S1
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Figure 3.1 Synthesized precursors S1 and S2 and asphaltene model compounds 1-11.
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Procedure 1. General procedure for the Sonagashira3 cross-coupling reaction. A 1:1
mixture of THF/diisopropylamine (20 mL) was added to a 200 mL round bottom threeneck flask equipped with a magnetic stirring bar. Argon was bubbled through the mixture
for 20 minutes while stirring. Aryl bromide (0.72 mmol), PPh3 (80 mg, 0.31 mmol),
Pd(PPh3)4 (116 mg, 0.10 mmol), CuI (18 mg, 0.09 mmol), and alkyne (1.10 mmol) were
added to the mixture and refluxed for 12 hours. The mixture was cooled to room
temperature and diluted with 10 mL of chloroform. The reaction mixture was washed with
10 mL of a 10 % HCl aqueous solution and then washed twice with 10 mL of a saturated
NaCl solution. The organic phase was dried over Na2SO4 and placed under vacuum to
remove solvent. The crude product was eluted through a column of silica gel with a 9:1
hexanes/EtOAc solvent mixture to afford the cross-coupled product.

Compound S1. A 500 mL round bottom flask was charged with pyrene (1 g, 4.944 mmol),
dichloromethane (100 mL), and a magnetic stirring bar. The reaction vessel was equipped
with a dripping column containing bromine (204 μL, 3.961 mmol) dissolved in
dichloromethane (40 mL). The solution was stirred vigorously at room temperature while
the bromine in dichloromethane solution was added drop wise over the course of 5 hours.
The reaction was stirred at room temperature for 3 days. Solvent was removed under
vacuum and the solid product was recrystallized in a minimum amount of ethanol to afford
compound S1 as a brown solid (1.13 g, 81% yield). 1H NMR δ (CDCl3): 8.35 (d, J = 9.2
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Hz, 1H); 8.16-8.12 (m, 2H); 8.07 (d, J = 9.6 Hz, 1H); 8.01 (d, J = 6.8 Hz, 1H); 7.98-7.89
(m, 3H). 13C NMR δ (CDCl3): 131.2, 131.0, 130.6, 130.1, 129.7, 129.0, 127.8, 127.5, 127.1,
126.5, 126.0, 125.8, 125.6, 125.5, 125.0, 124.1, 120.0.

Compound S2. To a 500 mL three-neck round bottom flask equipped with an overhead
stirrer was added pyrene (7.7 g, 38.1 mmol) dissolved in dichloromethane (300 mL). A
dripping column containing bromine (12.2 g, 76.3 mmol) dissolved in dichloromethane (50
mL) was affixed to the reaction vessel. The pyrene solution was vigorously stirred while
bromine solution was added drop wise over the course of 2 days. The reaction mixture was
stirred another 2 days and then placed under vacuum to remove solvent. The crude product
was recrystallized in a minimum amount of toluene to afford 1,6- and 1,8-dibromopyrene
(S2) as a mixture of isomers (12.7 g, 93% yield). 1H NMR δ (CDCl3): 8.54 (s, 1H); 8.47
(d, J = 9.2 Hz, 1H); 8.26 (d, J = 8 Hz, 2H); 8.10 (d, J = 8.8 Hz, 1H); 8.03 (d, J = 8.4 Hz,
3H). 13C NMR δ (CDCl3): 131.03, 131.00, 128.88, 127.90, 127.83, 126.64, 126.35, 126.15,
121.08.
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Compound 1. (New compound) A 1:1 mixture of THF/diisopropylamine (20 mL) was
added to a 200 mL round bottom three-neck flask equipped with a magnetic stir bar. Argon
was bubbled through the mixture for 20 minutes while stirring. 2-Bromonaphthalene (150
mg, 0.72 mmol), PPh3 (80 mg, 0.31 mmol), Pd(PPh3)4 (68 mg, 0.10 mmol), CuI (18 mg,
0.09 mmol), and 5-methyl-1-hexyne (145 μL, 1.10 mmol) were added to the mixture and
refluxed for 12 hours. The mixture was cooled to room temperature and diluted with 10
mL of chloroform. The reaction mixture was washed with 10 mL of a 10 % HCl aqueous
solution and then washed twice with 10 mL of a saturated NaCl solution. The organic phase
was dried over Na2SO4 and solvent evaporated under vacuum. The crude product was
eluted through a column of silica gel with a 9:1 hexanes/EtOAc solvent mixture to yield a
pale yellow oil (134 mg, 83 % yield). 1H NMR δ (CDCl3): 7.89 (s, 1H); 7.73 (m, 3H); 7.43
(m, 3H); 2.45 (t, J = 7.2 Hz, 2H); 1.79 (quin, J = 6.8 Hz, 1H); 1.53 (q, J = 7.2 Hz, 2H);
0.95 (d, J = 6.8 Hz, 6H). 13C NMR δ (CDCl3): 133.2, 132.6, 131.1, 128.9, 127.9, 127.7,
126.4, 126.3, 121.6, 91.0, 80.9, 37.9, 27.5, 22.4, 17.7. HRMS-APCI (R=30000) (m/z): [M+•]
calcd for C17H18, 222.1409; found 222.1402.

2

Compound 2. (New compound) The same general procedure used for synthesis of
compound 1 was used for producing compound 2. Compound 2 was produced as a pale
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yellow solid (131 mg, 87 % yield). 1H NMR δ (CDCl3): 7.89 (s, 1H); 7.73 (m, 3H); 7.43
(m, 3H); 1.35 (s, 9H). 13C NMR δ (CDCl3): 133.2, 132.5, 131.1, 129.0, 127.8, 127.8, 127.7,
126.4, 126.3, 121.6, 99.0, 79.5, 31.2, 28.2. HRMS-APCI (R=30000) (m/z): [M+•] calcd for
C16H16, 208.1252; found 208.1246. Melting point range: 63-65 ᵒC.

Compound 3. (New compound) The same general procedure used for synthesis of
compound 1 was used for producing compound 3. Compound 3 was produced as a viscous
yellow oil (129 mg, 80 % yield). 1H NMR δ (CDCl3): 7.90 (s, 1H); 7.74 (m, 3H); 7.44 (m,
3H); 2.70 (sex, J = 6.4 Hz, 1H); 1.52 (m, 4H); 1.28 (d, J = 6.8 Hz, 3H); 0.97 (t, J = 6.4
Hz, 3H). 13C NMR δ (CDCl3): 133.2, 132.6, 131.1, 129.0, 127.9, 127.8, 127.7, 126.4, 126.3,
121.6, 95.4, 81.1, 39.4, 26.5, 21.3, 20.8, 14.1. HRMS-APCI (R=30000) (m/z): [M+•] calcd
for C17H18, 222.1409; found 222.1402.

Compound 4. (New compound) Procedure 1 was used for synthesis of compound 4 from
1-bromopyrene. Compound 4 was produced as a yellow oil (209 mg, 73 % yield). 1H NMR
δ (CDCl3): 8.53 (d, J = 9.2 Hz, 1H); 8.03 (m, 8H); 2.64 (t, J = 7.2 Hz, 2H); 1.74 (quin, J
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= 6.8 Hz, 2H); 1.60 (sex, J = 7.2 Hz, 2H); 1.01 (t, J = 7.2 Hz, 3H). 13C NMR δ (CDCl3):
131.9, 131.4, 131.2, 130.7, 129.7, 128.0, 127.7, 127.3, 126.2, 125.5, 125.4, 124.6, 124.5,
124.5, 119.0, 96.5, 79.7, 31.2, 22.3, 19.8, 13.9. HRMS-APCI (R=30000) (m/z): [M+•] calcd
for C22H18, 282.1409; found 282.1405.

Compound 5. In a 50 mL round bottom three-neck flask were added a 1:1 mixture of
Et2O/methanol (10 mL), compound 4 (50 mg, 0.177 mmol), and Pd/C (10 wt % on C) (10
mg). The reaction flask was fixed with a hydrogen balloon and vacuum line connected via
a flow adapter. Five purge/vacuum cycles were performed and then the mixture was stirred
under hydrogen atmosphere for 12 hours at room temperature. The reaction mixture was
filtered through celite to remove the catalyst and solvent evaporated under vacuum to yield
5 as a tan solid (50 mg, 99 % yield). 1H NMR δ (CDCl3): 8.26 (d, J = 9.6 Hz, 1H); 8.13 (m,
2H); 8.07 (m, 2H); 7.98 (m, 3H); 7.84 (d, J = 8.0 Hz, 1H); 3.31 (t, J = 7.6 Hz, 2H); 1.83
(quin, J = 8.0 Hz, 2H); 1.47 (m, 2H); 1.33 (m, 4H); 0.89 (t, J = 7.2 Hz, 3H). 13C NMR δ
(CDCl3): 137.5, 131.6, 131.1, 129.8, 128.7, 127.7, 127.4, 127.2, 126.6, 125.9, 125.2, 124.9,
124.7, 123.7, 33.8, 32.1, 32.0, 29.7, 22.8, 14.3. HRMS-APCI (R=30000) (m/z): [M+•] calcd
for C22H22, 286.1722; found 286.1722. Melting point range: 95-96 ᵒC.
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Scheme 3.1 Synthesis of compound 6

Compound 6. (New compound) To a solution of 1-bromopyrene (S1) (250 mg, 0.889
mmol) and THF/TEA (1:1) (20 mL) were added Pd(PPh3)2Cl2 (83 mg, 0.118 mmol), CuI
(23 mg, 0.121 mmol), PPh3 (31 mg, 0.118 mmol), and 4-pentyn-1-ol (124 μL, 1.631 mmol).
The reaction mixture was refluxed for 12 hours while stirring. The mix was then cooled to
room temperature and diluted with 10 mL chloroform. The resulting mixture was washed
with 10 mL of a 10% HCl aqueous solution and washed twice with a saturated NaCl
solution. The organic phase was dried over Na2SO4 and solvent evaporated under vacuum.
The crude product was eluted through a column of silica gel with a 3:1 hexane/EtOAc
solvent mixture and solvent evaporated under vacuum to yield S3 as a brown solid (204
mg, 81 % yield). S3 was immediately added to a 1:1 Et2O/methanol (20 mL) mixture
containing Pd/C (10 wt % on C) (35 mg). S3 was hydrogenated according the procedure
described above (synthesis of compound 5) to yield S4 as a light brown solid (207 mg,
quantitative). A solution of S4 (262 mg, 0.908 mmol) and dichloromethane (20 mL) was
cooled to 0 ᵒC and then charged with Dess-Martin periodinane (539 mg, 1.271 mmol) for
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the Dess-Martin4 oxidation. The reaction mixture was slowly allowed to reach room
temperature while stirring for 14 hours. To this solution was added 10 mL of a 5 mmol
NaCO3 solution. The product was extracted with chloroform. The organic phase was
poured over sodium thiosulfate and solvent evaporated under vacuum to yield S5 as a
yellow solid (260 mg, quantitative). S5 was immediately added to a methanol (20 mL)
solution containing Ohira-Bestmann reagent (163 μL, 1.088 mmol) and K2CO3 (251 mg,
1.816 mmol) for the Seyferth-Gilbert homologation reaction.5,6 The reaction mixture was
stirred at room temperature for 8 hours and then extracted with ether. Solvent was removed
under vacuum and the crude product was eluted through a column of silica gel by using a
9:1 hexane/EtOAc solvent mixture. The purified product was evaporated under vacuum to
yield compound 6 as a white solid (118 mg, 46 % yield). 1H NMR δ (CDCl3): 8.29 (d, J =
9.2 Hz, 1H); 8.17 (m, 2H); 8.11 (m, 2H); 8.00 (m, 3H); 7.88 (d, J = 8.0 Hz, 1H); 3.37 (t, J
= 7.6 Hz, 2H); 2.29 (dt, J = 7.2, 2.8 Hz, 2H); 2.01 (m, 3H); 1.73 (quin, J = 7.6 Hz, 2H).
13

C NMR δ (CDCl3): 136.7, 131.6, 131.1, 130.0, 128.8, 127.7, 127.4, 126.7, 125.9, 125.3,

125.2, 125.0, 124.9, 124.8, 123.5, 84.5, 73.0, 33.1, 31.0, 28.6, 18.5. HRMS-APCI
(R=30000) (m/z): [M+•] calcd for C22H18, 282.1409; found 282.1404. Melting point range:
54-56 ᵒC.
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Compound 7. (New compound) Procedure 1 was used for the synthesis of compound 7
from 1-bromopyrene (S1). A mixture of 1-bromopyrene (S1) (50 mg, 0.178 mmol) as the
aryl bromide and 3-methyl-1-hexyne (36 µL, 0.266 mmol) as the alkyne was added to a
500 mL round bottom flask, heated to reflux, and stirred by a magnetic stirring bar for 12
hours yielding compound 7 upon work-up as a yellow oil (46 mg, 88% yield). 1H NMR δ
(CDCl3): 8.56 (d, J = 9.2 Hz, 1H); 8.20 (s, 1H); 8.18 (s, 1H); 8.08 (d, J = 2.4 Hz, 4H); 8.04
(m, 2H); 8.00 (d, J = 7.6 Hz, 1H); 2.91 (m, 1H); 1.71 (m, 2H); 1.63 (m, 2H); 1.43 (d, J =
5.6 Hz, 3H); 1.04 (t, J = 6.4 Hz). 13C NMR δ (CDCl3): 131.7, 131.2, 131.0, 130.5, 129.5,
127.8, 127.5, 127.3, 127.2, 126.0, 125.7, 125.6, 125.2, 124.8, 124.3, 100.8, 91.3, 39.3, 29.6,
21.3, 20.7, 14.0. HRMS-APCI (R=30000) (m/z): [M+•] calcd for C23H20, 296.1565; found
296.1560.

8

Compound 8. (New compound) A three-neck round bottom flask equipped with a septum,
reflux condenser, drying tube, and stirring bar was charged with a mixture of 1,6- and 1,8dibromopyrene (S2) (400 mg, 1.111 mmol), Pd(OAc)2 (25 mg, 0.111 mmol), PPh3 (44 mg,
0.168 mmol), tetrabutylammonium bromide (358 mg, 1.110 mmol), sodium acetate (228
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mg, 2.779 mmol), and 1-hexene (833 µL, 6.661 mmol) in DMF (10 mL). The system was
purged with argon and heated up to 125 °C then stirred for 3 hours. The reaction mixture
was cooled to room temperature and diluted with water (10 mL) after TLC indicated a
complete reaction. The organic phase was extracted three times with ether and the
combined extracts were washed with brine (2

10 mL) followed by washing with water

(10 mL) to remove traces of DMF. The organic phase was eluted through celite to remove
palladium catalyst and purified by flash column chromatography by using a 9:1
hexane/EtOAc solvent mixture. The solvent was evaporated under vacuum to afford
compound 8, a yellow oil, as a mixture of 1,6- and 1,8 isomers (175 mg, 86% yield). 1H
NMR δ (CDCl3): 8.40 (d, J = 6.4 Hz, 1H); 8.33 (d, J = 9.2 Hz, 1H); 8.15-8.09 (m, 4H);
7.99-7.96 (m, 2H); 7.42 (d, J = 15.6 Hz, 2H); 6.51-6.41 (m, 2H); 2.46-2.41 (m, 4H); 1.61
(quin, J = 6.8 Hz, 4H); 1.52-1.45 (m, 4H); 1.01 (t, J = 7.2 Hz, 6H). 13C NMR δ (CDCl3):
135.5, 134.8, 132.5, 130.0, 129.9, 128.0, 127.2, 127.0, 126.9, 126.7, 125.2, 125.1, 125.0,
124.9, 124.7, 124.5, 123.9, 123.8, 123.0, 122.6, 33.4, 31.6, 22.3, 14.0. HRMS-APCI
(R=30000) (m/z): [M+•] calcd for C28H30, 366.2348; found 366.2351.

Compound 9. (New compound) Procedure 1 was used for the synthesis of compound 9 by
using 1,3,6,8-tetrabromopyrene (200 mg, 0.386 mmol), Pd(OAc)2 (26 mg, 0.116 mmol),
PPh3 (30 mg, 0.116 mmol), CuI (22 mg, 0.116 mmol), and 1-hexyne (195 µL, 1.699 mmol).
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It afforded compound 9 as an orange solid (165 mg, 82% yield). 1H NMR δ (CDCl3): 8.57
(m, 4H); 8.40 (m, 1H); 8.16 (d, J = 9.6 Hz, 1H); 2.64 (t, J = 6.8 Hz, 8H); 1.75 (quin, J =
6.8 Hz, 8H); 1.62 (sex, J = 7.2 Hz, 8H); 1.03 (t, J = 7.2 Hz, 12H). 13C NMR δ (CDCl3):
133.8, 131.5, 126.4, 124.2, 119.4, 97.0, 79.1, 31.2, 22.3, 19.8, 13.9. HRMS-APCI
(R=30000) (m/z): [M+•] calcd for C40H42, 522.3287; found 522.3277. Melting point range:
82-84 °C.

Compound 10. (New compound) Procedure 1 was used for the synthesis of compound 10
by using 1,3,6,8-tetrabromopyrene (100 mg, 0.193 mmol), Pd(PPh3)2Cl (72 mg, 0.103
mmol), PPh3 (85 mg, 0.324 mmol), CuI (20 mg, 0.103 mmol), and 3-methyl-1-hexyne (159
µL, 1.174 mmol). It afforded compound 10 as a pale yellow solid (71 mg, 64% yield). 1H
NMR δ (CDCl3): 8.54 (s, 4H); 8.16 (s, 2H); 2.89 (m, 4H); 1.67 (m, 16H); 1.42 (d, J = 6.8
Hz, 12H); 1.04 (t, J = 6.8 Hz, 12H). 13C NMR δ (CDCl3): 133.8, 131.4, 126.4, 124.2, 119.4,
101.4, 79.2, 39.5, 27.0, 21.5, 21.0, 14.2. HRMS-APCI (R=30000) (m/z): [M+•] calcd for
C44H50, 578.3913; found 578.3912. Melting point range: 93-94 °C.
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Scheme 3.2 Synthesis of compound 11

Compound 11. (New compound) Into a sealed tube were added a solution of 1,3,6,8tetrabromopyrene (S6) (24 mg, 0.046 mmol) in THF/DIPA (1:1) (3 mL), Pd(PPh3)2Cl2 (6
mg, 0.025 mmol), CuI (5 mg, 0.025 mmol), and PPh3 (20 mg, 0.078 mmol). Then, 3methyl-1-hexyne (21 µL, 0.153 mmol) was added to the mixture while stirring and the
solution was heated in a silicone bath at 85 °C for 6 hours. The reaction mixture was diluted
with chloroform (5 mL) and washed with 5 mL of a 10% HCl aqueous solution. The
organic layer was washed with a 10% sodium bicarbonate solution followed by washing
with brine and then with water. Next, the organic layer was dried over sodium sulfate and
concentrated. The product was purified by flash column chromatography by using a
mixture of hexane/ethyl acetate (9:1) to give the trisubstituted intermediate S7 as an orange
solid (18 mg, 69% yield). Next, a solution of S7 (18 mg, 0.032 mmol), Pd(PPh3)2Cl2 (6 mg,
0.008 mmol), CuI (2 mg, 0.008 mmol), PPh3 (2 mg, 0.008 mmol), and 2ethynylnaphthalene (10 mg, 0.066 mmol) in THF/TEA (1:1) (3 mL) were added to a sealed
tube and heated to 85 °C while stirring for 12 hours. The reaction was cooled to room
temperature, diluted with chloroform and worked up using the same procedure that was
used for purifying S7 to afford compound 11 as a reddish orange solid (15 mg, 75% yield).
1

H NMR δ (CDCl3): 8.73 (d, J = 9.2 Hz, 1H); 8.63 (d, J = 9.2 Hz, 1H); 8.59 (s, 2H); 8.34
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(s, 1H); 8.24 (s, 1H); 8.18 (s, 1H); 7.90 (d, J = 8.4 Hz, 3H); 7.76 (d, J = 8.4 Hz, 1H); 7.54
(t, J = 4.0 Hz, 2H); 2.90 (sex, J = 6.8 Hz, 3H); 1.67 (m, 12H); 1.43 (dd, J = 6.8, 4.4 Hz,
9H); 1.04 (m, 9H). 13C NMR δ (CDCl3): 133.9, 133.8, 133.3, 133.1, 132.0, 131.7, 131.5,
131.4, 129.0, 128.6, 128.3, 128.0, 126.9, 126.8, 126.4, 126.3, 124.3, 124.2, 120.8, 119.8,
119.6, 118.3, 101.7, 96.1, 79.2, 79.1, 39.5, 27.0, 21.5, 21.0, 14.2. HRMS-APCI (R=30000)
(m/z): [M+•] calcd for C49H46, 634.3600; found 634.3586. Melting point range: 131-132 °C.

3.4 Synthesis of 2H- and 13C-Labeled Diphenylmethane Compounds

(1,1-2H2)Diphenylmethane.
2

The

synthesis

procedure

for

production

of (1,1-

H2)Diphenylmethane was modified from an earlier method.7 A solution of lithium

aluminum deuteride (45 mg, 1.1 mmol) in dry ether (2 mL) was stirred under argon
atmosphere for 10 min as aluminum chloride (157 mg, 1.2 mmol) in dry ether (2 mL) was
added drop wise. The mixture was stirred for 5 min followed by addition of a solution of
benzophenone (195 mg, 1.1 mmol) in dry ether (2 mL). The reaction mixture was stirred
for 45 min under argon atmosphere and then quenched with 2 mL of deuterium oxide
followed by the addition of 2 mL 6 N sulfuric acid. The product mixture was diluted with
water (5 mL) and extracted four times with ether (4 × 4 mL). The ethereal extracts were
combined and washed with 5 mL of a 10 % (wt.) sodium bicarbonate solution followed by
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two water washes (2 × 5 mL). The organic phase was dried over calcium chloride and
solvent evaporated under vacuum yielding 118 mg (1,1-2H2)diphenylmethane (65 % yield).

(2-2H1)Diphenylmethane. In a dry 50 mL three-neck flask were added 2bromodiphenylmethane (118 mg, 0.48 mmol), sodium hydroxide (19 mg, 0.48 mmol),
Pd/C (5 mg, 10 wt. % on C), and 5 mL anhydrous methanol. The reaction flask was
equipped with a deuterium gas filled balloon and vacuum line connected via two-way
adapter. Atmosphere within the vessel was evacuated followed by purging with deuterium
gas from the balloon. This process was repeated five times followed by closing the vacuum
line and opening the vessel to deuterium gas. The reaction mixture was stirred vigorously
under deuterium atmosphere at room temperature until TLC indicated that the reaction was
complete (1 hr). The product mixture was eluted through celite and then diluted with water
(5 mL). The resulting solution was extracted four times with ether (4 × 5mL). The
combined ethereal extracts were washed with a 10 % HCl solution (5 mL) followed by a
wash with 10 % (wt.) sodium bicarbonate solution (5 mL) and three washes with water (3
× 5 mL). The organic phase was dried over sodium sulfate and solvent evaporated under
vacuum to yield 72 mg (2-2H1)diphenylmethane (89 % yield).
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(4-2H1)Diphenylmethane. The same general procedure used for synthesis of (22

H1)diphenylmethane was used for the synthesis of (4-2H1)diphenylmethane except that 2-

bromodiphenylmethane was replaced with 4-bromodiphenylmethane (80 mg, 93 % yield).

(1-13C)Diphenylmethane. The same general procedure used for the synthesis of (1,12

H2)diphenylmethane was used for the synthesis of (1-13C)diphenylmethane except that

benzophenone was replaced with benzophenone-(carbonyl-13C) and LiAlH4 was
substituted for LiAlD4 (44 mg, 87 % yield).

(1-13C,1,1-2H2)Diphenylmethane. The same general procedure used for the synthesis of
(1,1-2H2)diphenylmethane was used for the synthesis of (1-13C,1,1-2H2)diphenylmethane
except that benzophenone was replaced with benzophenone-(carbonyl-13C) (53 mg, 95 %
yield).
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CHAPTER 4. ION/MOLECULE REACTIONS OF DIMETHYLAMINE WITH
PROTONATED ANALYTES FACILITATE THE IDENTIFICATION OF
SECONDARY AND TERTIARY N-OXIDE FUNCTIONALITIES IN A LINEAR
QUADRUPOLE ION TRAP MASS SPECTROMETER

4.1 Introduction
Methods for the rapid detection of N-oxide functionalities in unknown molecules
in complex mixtures are of great current interest for several reasons. For example, the
oxidation of the amino functional group is a common metabolic pathway for many
nitrogen-containing pharmaceuticals.1,2 In some cases, the degradation products containing
the N-oxide functionality have been shown to be genotoxic.3,4 Further, amine-based
surfactants persisting in the environment are known to form N-oxides upon aerobic
biodegradation.5 These N-oxides have been found to be particulary toxic to photobacteria
and crustacea living in aquatic ecosystems.5
NMR and FT-IR are viable techniques for the identification of unknown
compounds but require fairly pure samples. NMR detects 15N but its natural abundance is
only 0.37% of that of 14N, which makes this a very insensitive technique for the detection
of N-oxides. FT-IR has a good sensitivity but cannot distinguish tertiary N-oxides from
primary or secondary N-oxides.6 On the other hand, tandem mass spectrometry has
excellent sensitivity and can be used to analyze complex mixtures without prior
purification.7,8 Collision-activated dissociation (CAD) commonly employed in tandem
mass spectrometry experiments have been used extensively to probe the structures of
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ionized compounds. However, CAD of protonated N-oxides does not in general produce
functional group specific fragmentation that can be used to distinguish protonated N-oxides
from other ionized nitrogen-containing compounds.9
Tandem mass spectrometric methods based on ion-molecule reactions have been
demonstrated to be particularly useful for the identification of specific functional groups
in ionized analytes.10-16 For example, aliphatic and aromatic tertiary N-oxide functionalities
can be identified in protonated analytes via their reactions with tris(dimethylamino)borane
(TDMAB) (Scheme 4.1) in a Fourier-transform ion cyclotron resonance (FT-ICR) mass
spectrometer.10 This reaction occurs via a proton transfer/nucleophilic substitution
mechanism which forms a boron-derivatized N-oxide (adduct-(CH3)2NH).10 This method
was recently adapted to a linear quadrupole ion trap (LQIT) equipped with an external
reagent-mixing manifold that allows TDMAB to be introduced through the helium buffer
gas inlet into the ion trap.15 However, due to the low boiling point of TDMAB (147-148
ᵒC), it is difficult to pump out of the manifold after the experiment is over. Additionally,
TDMAB has a high calculated proton affinity10 (PA = 230), which facilitates unwanted
proton transfer reactions with ionized analytes for as long as it resides in the instrument.
Thus, a more volatile reagent, dimethylamine (DMA), was tested for the identification of
tertiary N-oxides. Its proton affinity17 (PA = 222 kcal mol-1) is lower than that of TDMAB
and it has a boiling point (BP) an order of magnitude lower (7-9 ºC) than TDMAB.
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Scheme 4.1 Ion-molecule reaction between protonated trimethylamine N-oxide and
TDMAB.

4.2 Experimental
N-oxides (>95%), dimethylamine (>99%) as a pressurized gas in a cyclinder, and 2(3-benzoylphenyl)propionic acid (

98%) were purchased from Sigma-Aldrich.

Acetonitrile and methanol were purchased from OmniSolv (99.9%). Ethanol was
purchased from Koptec and meets USP specifications. Ethyl acetate and diethyl ether were
purchased from Macron and meet ACS reagent requirements. Propionaldehyde was
purchased from Alfa Aesar (97%). All chemicals were used without further purification.
Mass spectrometric data were collected using a Thermo Scientific linear quadrupole
ion trap (LQIT) mass spectrometer (LTQ, Thermo Scientific, San Jose, CA, USA) utilizing
an electrospray ionization (ESI) source operating in positive-ion mode. The trapping region
of the instrument was maintained at ~10-5 Torr by a triple-inlet turbomolecular pump, as
measured by an ion gauge.
Samples were dissolved in methanol (1 mg/mL) and introduced into the ESI source
via a syringe pump at a flow rate of 10 µL/min. A tee connector combined 50/50 (v/v)
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methanol/water from a Finnigan Surveyor MS Pump Plus with the sample at a flow rate of
200 µL/min to facilitate formation of a stable ESI spray. Source conditions were as follows:
275 ⁰C capillary temperature, sheath gas flow of 60 arbitrary units), auxillary gas flow of
30 (arbitrary units), 2 kV spray voltage, 18 V capillary voltage, and 50 V tube lens voltage.
The automated tuning feature of the instrument was used to optimize the ion optics for ions
(m/z 50 to m/z 500).
The reagent inlet system has been described previously.18 The neutral reagent DMA
was introduced into the trapping region of the LQIT using two Series 9 pulsed valves with
an exit orifice of 0.060 inch (Parker Hannifin Corp., Cleveland, OH). A single pulsed valve
pair was utilized for the introduction of DMA into the trapping region of the mass
spectrometer. DMA was introduced via a gas regulator equipped with a hose and needle
through a rubber septum into a single pulsed valve channel. The channel was filled to one
atmosphere with DMA. DMA was introduced into the instrument by first opening the
pulsed valve connected to the sample channel (i.e., pulsed valve A, Figure 4.1) for 500 µs
to allow the reagent to flow into the space between the pulsed valves (i.e., between A and
B). Next, the pulsed valve that interfaces with the trapping region of the LQIT (i.e., pulsed
valve B), was opened for 900 µs to let the reagent enter the mass spectrometer. A 20 ms
delay was set between open events of pulsed valves A and B.
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Figure 4.1 Shown here are the parameters used for the pulsed valve experiments. The pulse
width of A is the time the pulsed valve is open. When pulsed valve A is opened, DMA
flows from the sample channel into the space between pulsed valves A and B. The pulse
width of B is the time the pulsed valve is open to the trapping region of the LQIT. The
dashed arrow represents the delay from the start of the sequence to the time when the pulsed
valve opens.

The experiments were performed utilizing the scan features of the LTQ Tune Plus
interface (Xcalibur 2.1 version). Analyte ions were isolated using a 2 Dalton window with
a q value of 0.25 and then allowed to react with DMA for 500 ms before being ejected from
the trap and detected.
All geometries and zero-point energies were calculated at the B3LYP/6-31++G(d,p)
level of theory by using the Gaussian 09 suite of programs.19 Frequency calculations were
performed to verify all stationary points as energy minima and to provide zero-point
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vibrational energy corrections. Minimum energy structures do not have imaginary
frequencies. Proton affinities were computed as the energy difference between the
molecule of interest and the same molecule with one additional proton. This method was
found to be reasonably accurate when comparing the difference (∆) between calculated
proton affinities and the experimental values available in literature for 5,5-dimethyl-1pyrroline N-oxide (∆ = 0.23 kcal mol-1), pyridine N-oxide (∆ = 2.2 kcal mol-1),
nitrosobenzene (∆ = 2.1 kcal mol-1), and trimethylamine N-oxide (∆ = 1.5 kcal mol-1).
Hydrogen-bonding energies were calculated using the standard energy difference
method.20 The hydrogen bond energy between a hydrogen bond donor and acceptor is
calculated by

∆

where ∆

(4.1)

is the hydrogen-bonding energy including counterpoise correction for

basis set superposition error (BSSE), AD is the set of Cartesian coordinates defining the
structure of the complex,

is the energy of the hydrogen bound complex, and

and

are the energies of the acceptor (A) and donor (D), respectively. The subscripts (A
and D) denote the Cartesian coordinates that define the geometry of molecules A and D.
The superscripts (AD) denote the basis set of the AD complex used in the optimization.
The BSSE arises from the artificial energy stabilization of donor and acceptor as they
approach each other in the hydrogen bound complex. During energy minimization, each
molecule in the hydrogen-bound complex utilizes extra basis functions from the other, thus
artificially lowering its own energy.
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To correct for this error, the counterpoise procedure was used.21 As an example, to
calculate the energy of a specific hydrogen bound hydrogen donor D, all the basis functions
of the hydrogen-bound acceptor A at the atomic positions of A are made available to D
while ignoring the charges of electrons and nuclei on A. The BSSE is evaluated by taking
the difference

(4.2)

where

is the artificial stabilization afforded to D by the additional basis sets in

the hydrogen-bound complex. The same procedure is applied to A utilizing the basis
functions of D.

4.3 Results and Discussion
Protonated primary, secondary, and tertiary N-oxides and other heteroatomcontaining moieties were introduced into the mass spectrometer via ESI and allowed to
interact with dimethylamine (DMA) while trapped in the linear quadrupole ion trap (LQIT)
and their reaction products were analyzed. Proton affinities and hydrogen-bond energies
were calculated for a number of the protonated analytes and their complexes with DMA,
respectively, in order to understand their observed reactivity toward DMA. Finally, the
residence time of DMA in the trapping region of the mass spectrometer was examined to
determine the cycle time of the experiment and verify DMA’s usefulness in HPLC
methodologies incorporating multiple neutral reagents introduced consecutively during an
HPLC analysis.
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4.3.1 Reactivity of Dimethylamine (DMA) Toward Protonated N-Oxides
Analytes were protonated via ESI. DMA was introduced into the trapping region
of the mass spectrometer through a pair of pulsed valves (i.e., A and B). Parameters used
for the pulsed valve experiments are shown in Figure 4.1. Trapped ions were allowed to
interact with DMA for 500 ms before all ions were ejected and detected. DMA was found
to react with protonated aliphatic and aromatic tertiary N-oxide analytes (M) by formation
of an [M + H]+ + DMA adduct (Table 4.1), which was not formed for many other
protonated analytes (Table 4.2). A typical reaction can be seen in Figure 4.2. When no
DMA is in the trapping region of the instrument, only the protonated trimethylamine Noxide is observed. However, after DMA is temporarily introduced into the trapping region
of the mass spectrometer, it reacts with protonated trimethylamine N-oxide forming an
adduct with a m/z-value 45 units greater than that of the analyte ion. This ion signal
gradually tapers in abundance as DMA is pumped away by the vacuum system.
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Table 4.1 N-Oxides, Their PAs, (in kcal mol-1), Reactions of Their Protonated Forms with
DMA (PAa = 222 kcal mol-1), and Their Branching Ratios in a Linear Quadrupole Ion Trap
Mass Spectrometer.
(m/z of [M+H]+)

Analyte

Proton Affinity (PA)
(kcal mol-1)

Observed Reaction

108

204b

Proton transfer to DMA (55)

157

210.9b

[M + H]+ + DMA (3)

112

219.4c

[M + H]+ + DMA (85)

114

221.2d

[M + H]+ + DMA (98)

(M)

A
C

B

343

[M + H]+ + DMA (24)

216.9c (D)

D

a

236.7c (A)
220.2c (B)
237.3c (C)

(yield %)a

254

220.6c

[M + H]+ + DMA (52)

96

220.7b

[M + H]+ + DMA (91)

146

227.6d

[M + H]+ + DMA (84)

162

234.7c

[M + H]+ + DMA (10)

76

235b

[M + H]+ + DMA (20)

110

225.5d

[M + H]+ + DMA (41)

155

206.3c

[M + H]+ + DMA (45)

258

242.0c

[M + H]+ + DMA (89)

Yield was measured relative to precursor ([M + H]+) abundance. b PA value from reference 17. c Calculated at the

B3LYP/6-31++G(d,p) level of theory. d PA value from reference 10.
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Table 4.2 Reactions Observed for Various Protonated Analytes with Different PAs with
DMA (PAa = 222 kcal mol-1) in a Linear Quadrupole Ion Trap Mass Spectrometer.
Analyte
(m/z of [M+H]+)
Ethyl acetate (89)
Acetonitrile (42)
Ethanol (47)
Diethyl ether (75)
Acetone (59)
Propionaldehyde (59)
Hexanoic acid (117)
Heptanoic acid (131)

Proton Affinity (PA)
-1
(kcal mol )

Observed Reaction

200b

Proton transfer to DMA (28)

186

b

Proton transfer to DMA (63)

186

b

Proton transfer to DMA (74)

198

b

Proton transfer to DMA (81)

194

b

(yield %)a

Proton transfer to DMA (97)
b

Proton transfer to DMA (15)

188.2

c

Proton transfer to DMA (33)

188.2

c

Proton transfer to DMA (49)

187.9

A
B

2-(3-Benzoylphenyl)propionic acid (255)
A
C
B
D

212.0c (A)
199.6c (B)

[M + H]+ + DMA (60)d

228.4c (A)
223.9c (B)
239.4c (C)

No observed reactiond

218.1c (D)

Clozapine (327)
210.2c

Proton transfer to DMA (41)

222.3b

[M + H]+ + DMA (1)

Benzaldehyde oxime (122)
Pyridine (80)

A

B

231.5c (A)
210.7c (B)

[M + H]+ + DMA (5)

5-Aminoquinoline (145)
a
c

Yield was measured relative to precursor ([M + H]+) abundance. b PA value from reference 17.

Calculated at the B3LYP/6-31++G(d,p) level of theory. d Low mass cut-off of the instrument
prevented observation of ions <50 m/z.
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Figure 4.2 Reaction of protonated trimethylamine N-oxide (m/z 76) with DMA as a
function of time. The extracted ion chromatogram represents the abundance of the [M +
H]+ + DMA ion (m/z 121) where M = trimethylamine N-oxide (left). At time T1, before
DMA has entered into the trapping region of the instrument, only protonated
trimethylamine N-oxide (m/z 76) is observed (top right). At time T2, the pulsed valve has
opened, allowing DMA to enter the trapping region of the instrument, which enables the
formation of a stable hydrogen bound complex with m/z value 45 units greater (m/z 121)
than the m/z value of protonated trimethylamine N-oxide (bottom right).

In the previous studies of reactivity of TDMAB toward protonated tertiary N-oxides,
collision-activated dissociation (CAD) of the diagnostic adduct – CH3OH products was
found to result in the cleavage of the nitrogen-oxygen bond, yielding an immonium ion
from the amino moiety of the N-oxide analyte (Scheme 4.2).10 However, CAD of the DMA
adducts of protonated tertiary N-oxide analytes results in the loss of DMA to yield the
protonated analyte. Hence, no structural information is obtained from this experiment. The
most plausible explanation for this observation is that the DMA adduct is a hydrogenbound complex of the protonated analyte and DMA (Scheme 4.3). The wide range of PAs
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for analytes (206 – 242 kcal mol-1) that form an adduct with DMA indicates that adduct
formation is fairly independent of PA (Table 4.1; Table 4.2, entry 9). However, protonated
analytes having proton affinities more than 20 kcal mol-1 below that of DMA did react by
proton transfer exclusively (Table 4.2). Interestingly, protonated tertiary N-oxide 2-methyl4-nitropyridine 1-oxide (PA = 206 kcal mol-1) (Table 4.1, entry 12) reacts with DMA by
formation of an adduct while protonated nitrosobenzene (PA = 204 kcal mol-1) (Table 4.1,
entry 1) does not despite of having a similar proton affinity. Additionally, protonated N,Ndimethyl-4-(1,2-dioxido-2-phenyldiazenyl)benzenamine (Table 4.1, entry 12) forms the
adduct with DMA yet has a calculated proton affinity 20 kcal mol-1 higher than DMA.
Thus, the hydrogen-bonding energy between DMA and protonated analytes was
investigated to determine whether the formation of a stable adduct correlates with strong
hydrogen bond formation. The energy of a typical hydrogen bond is generally less than 12
kcal mol-1 for neutral molecules but has been shown previously to be greater than 30 kcal
mol-1 for several ionized hydrogen bond acceptors.22

Scheme 4.2 CAD of the TDMAB – methanol adduct ion with tertiary N-oxides.
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Scheme 4.3 Reactions of DMA with protonated tertiary N-oxides and primary N-oxides.

Hydrogen-bonding energies (ΔEint) between hydrogen bond donors and acceptors
were calculated using Density Functional Theory (DFT) at the B3LYP/6-31++G(d,p) level
of theory (Table 4.3). These hydrogen-bonding energies were compared to the difference
in proton affinity (ΔPA) between the analyte and DMA to determine the relationship
between hydrogen bond formation and proton transfer. Values of ΔPA that are negative
indicate an exothermic proton transfer reaction between the protonated analyte and DMA
as seen in Table 4.3. The hydrogen-bonding energy (ΔEint, energy released as a result of
hydrogen bond formation) was found to be more energetically favorable than proton
transfer for all protonated analytes that react with DMA to produce a stable adduct. The
results are best represented visually by the use of the Brauman potential energy diagrams23
as shown in Figure 4.3. The geometries of all hydrogen bound complexes minimized to
complex C during the DFT calculations, even for analytes with proton affinity greater than
that of DMA, such as trimethylamine N-oxide (PA17 = 235 kcal mol-1) and clozapine-4'-Noxide (PA = 236.7 kcal mol-1). This finding indicates either a single-well potential energy
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surface or possibly a shallow barrier between intermediates B and C, a common result for
strongly hydrogen bonding donor/acceptor pairs.22,24 Further, this suggests that the energy
of complex B is higher than that of C if such a minimum exists on the potential energy
surface at all. Formation of a hydrogen-bound complex was only observed when the
transition from C to D was endothermic which is easily measured by taking the difference
ΔPA – ΔEint as shown in Table 4.3. Positive values indicate hydrogen bond formation is
more favorable than proton transfer.
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Table 4.3 Calculated Hydrogen Bonding Energies (ΔEint), Calculated Proton Affinity Differences (ΔPA = proton affinity of analyte
– proton affinity of DMA), and Free Energy Changes Going from Intermediate C to D (ΔPA – ΔEint) for Various [M + H]+ + DMA
Hydrogen Bound Complexes.
+

[M + H] + DMA
Adduct

ΔPA

a

b

ΔEint
-1

ΔPA - ΔEint
-1

-1

(kcal mol ) (kcal mol ) (kcal mol )

-11.8

-6.3

+

[M + H] + DMA
Adduct

a

b

ΔPA

ΔEint
-1

ΔPA - ΔEint
-1

-1

(kcal mol )

(kcal mol )

(kcal mol )

14.7

-26.1

40.8

-10.0

-12.5

2.5

-36.0

-13.8

-22.2

-5.5

Benzaldehyde oxime

-18.0

-13.4

-4.6

-11.1

-15.0

3.9

Clozapine-4'-N -oxide

Nitrosobenzene

TEMPO

Ketoprofen

13.0

-25.0

38.0

Trimethylamine N -oxide
a
b

Acetonitrile

∆PA = proton affinity of analyte (M) - proton affinity of dimethylamine (DMA), calculated at the B3LYP/6-31++G(d,p) level of theory.
Calculated at the B3LYP/631++G(d,p) level of theory according to equation 1.
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-12

D
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D
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b)

-2
-4
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-6
-8
-10

B

-12

C

-14
-16

D

-18
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-20

A

-2

-6

C
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15

B
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Potential Energy (kcal mol-1)

A

0

A
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Figure 4.3 Potential energy profiles for proton transfer from protonated trimethylamine N-oxide (top left), nitrosobenzene (top right),
TEMPO (bottom left), and ketoprofen (bottom right) to DMA. The unknown portion of the energy profile is represented by a dashed
line. ΔEint was calculated at the B3LYP/6-31++G(d,p) level of theory using the counterpoise procedure. Proton affinities were
calculated at the B3LYP/6-31++G(d,p) level of theory. ΔPA was calculated as the difference in the proton affinity of DMA and the
analyte (M).
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Cessation of the reaction at the hydrogen bound complex (intermediuate C, Figure
4.3) for tertiary N-oxides suggests that there is considerable collisional cooling of the ions
with helium in the linear ion trap.25 Otherwise, we would expect all reactions with a
negative ∆PA value to proceed to proton transfer. Helium serves as a buffer gas in the
linear quadrupole ion trap cooling ions to improve trapping efficiency and resolution.25
Additionally, some of the hydrogen bonding energy may be lost as a result of radiative
cooling (spontaneous emission of infrared photons).26 In order to test this idea, an ionmolecule reaction between protonated 4-nitro-2-picoline N-oxide (PA = 206 kcal mol-1)
(Table 4.1, entry 6) and DMA was carried out in a dual-cell Fourier-transform ion cyclotron
resonance mass spectrometer in the absence of any buffer gas. This experiment was carried
out by generating protonated 4-nitro-2-picoline N-oxide in one of the two cells followed
by transferring the resulting ions to the clean cell to react with DMA. The results indicated
that only proton transfer occurred in the absence of a buffer gas. Hence, collisional cooling
appears to be more influential in removing excess energy resulting from complex formation.
The final step of the proton transfer reaction pathway, formation of proton transfer
products D from intermediate C, was found to be endothermic for all protonated analytes
that yield an adduct with DMA (Table 4.3). On the other hand, when the dissociation of
intermediate C to yield proton transfer products (D) is exothermic, an adduct was not
observed for those reactions (ΔEint – ΔPA = “-“ value) . For example, nitrosobenzene, a
primary N-oxide, has a calculated hydrogen bonding energy (ΔEint) of -13.4 kcal mol-1,
however, the proton transfer reaction is energetically more favorable by -4.6 kcal mol-1
making proton transfer the desired pathway for this system. As seen in Table 4.3, the
transition from intermediate C to D for the secondary N-oxide TEMPO was calculated to
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be endothermic (ΔEint – ΔPA = 3.9) as well which suggests that adduct formation is
energetically more favorable than proton transfer. However, formation of the hydrogen
bound complex was found to be slow (Table 4.1, entry 2). This is likely the result of steric
hindrance due to the four methyl groups adjacent to the N-oxide functionality (Table 4.3,
entry 3).
The reactivity of protonated clozapine and clozapine-4'-N-oxide with DMA was
examined (Table 4.1, entry 5 and Table 4.2, entry 10). Clozapine is an atypical
antipsychotic drug for the treatment of schizophrenia symptoms. particularly beneficial
because of its efficacy on treatment-resistant patients.27 Clozapine-4'-N-oxide is a
metabolite of clozapine that has been found to be completely inactive, thus its presence in
the drug ultimately reduces the plasma concentration of the active drug clozapine after
ingestion.28,29 Therefore, it is important to be able to identify clozapine-4'-N-oxide in drug
samples. The presence of the tertiary N-oxide functionality in protonated clozapine-4'-Noxide (but not in protonated clozapine) is clearly revealed after reaction with DMA by the
appearance of a product ion with a m/z value 45 units greater than that of the analyte ion
(Table 4.1, entry 5).

4.3.2 Reactivity of DMA With Other Types of Protonated Analytes
The specificity of reactions of DMA was further investigated by testing its
reactivity toward protonated O- and N-containing analytes that do not contain the N-oxide
functionality (Table 4.2). Proton transfer was observed exclusively for most analytes.
However, protonated 2-(3-benzoylphenyl)propionic acid (ketoprofen) reacted with DMA
by formation of a hydrogen-bound complex (Table 4.2, entry 9). The potential energy
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surface shown in Figure 4.3 indicates proton transfer is less favorable than formation of a
hydrogen-bound complex. Isolation of the [M + H]+ + DMA adduct of ketoprofen was
attempted in order to subject the ion to CAD for structure determination, but the adduct
was found to be too unstable to be isolated. This indicates a rather low barrier to
dissociation of the [M + H]+ + DMA adduct of ketoprofen to yield proton transfer products
(Figure 4.3d). Conversely, all hydrogen bound complexes of DMA with tertiary N-oxides
were capable of being efficiently isolated. Protonated clozapine showed no reactivity with
DMA, however, the low mass range cut-off of the instrument prevented the observation of
a proton transfer reaction. Basic analytes such as pyridine and 5-aminoquinoline did form
a hydrogen-bound complex with DMA but the yields were low (≤5%) indicating the
reaction was slower than DMA reactions with N-oxides (Table 4.2, entry 12 & 13).

4.3.3 Residence Time of DMA in the Ion Trap
Unwanted ion-molecule reactions may persist for long periods after introducing
reagents with low boiling points into the trapping region of a mass spectrometer. Thus, the
residence time of DMA in the trapping region of the mass spectrometer was experimentally
determined. In order to measure this, DMA was introduced into the trapping region of the
LQIT using the pulsed valve system and allowed to react with protonated methanol dimer
(generated by ESI operating in positive mode) while the instrument scanned continuously.
Protonated methanol dimer reacts with DMA by proton transfer only. As seen in Figure
4.4, the abundance of protonated DMA rises while the abundance of protonated methanol
dimer decreases simultaneously. The abundance of protonated DMA fell below 5% relative
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to protonated methanol dimer after 20 seconds in the trapping region of the mass
spectrometer.
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Figure 4.4 Selected ion monitoring of protonated methanol dimer and DMA during the
proton transfer reaction in the LQIT. When the pulsed valve closest to the LQIT opens,
DMA enters the trapping region of the instrument and reacts with protonated methanol
dimer by abstracting a proton. This is evident from the sharp decrease in the abundance of
protonated methanol dimer (m/z 65) with a simultaneous increase in the abundance of
protonated DMA (m/z 46). After 19.8 seconds the abundance of protonated DMA fell
below 5% abundance relative to protonated methanol dimer indicating near complete
removal of DMA by the vacuum system.

4.4 Conclusions
A selective ion-molecule reaction, exclusive formation of a stable adduct upon
reaction with dimethylamine (DMA), has been identified for protonated tertiary and
secondary aliphatic and aromatic N-oxides in a linear quadrupole ion trap mass
spectrometer. The structure of this adduct was discovered to be a hydrogen-bound complex
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of the protonated analyte and DMA. Calculated hydrogen bonding energies between the
hydrogen bond donor and acceptor within the complex were found to explain the reactivity
of DMA toward protonated secondary and tertiary N-oxides and one aromatic ketone
(ketoprofen). Formation of a gas-phase hydrogen-bound complex occurred for analytes
whose proton transfer reaction was higher in energy than the complex. In contrast, other
protonated O- and N-containing analytes were not observed to react with DMA, react only
slowly as indicated by lower yield of the complex, or react exclusively by proton transfer
to DMA. Thus, the presence of other functionalities does not affect the reactivity of DMA
towards the above mentioned N-oxides in most cases. Additionally, the PA of these
analytes had little influence on their reactivity toward DMA as indicated by the wide range
of PAs for tertiary N-oxides that, after protonation, form a stable adduct with DMA.
However, the above method does not yield additional structural information specific to
each analyte upon isolation of the hydrogen-bound complexes with DMA followed by
CAD. Dissociation of the complex yields the protonated analyte or protonated DMA.
Currently, we are studying DMA reactions with protonated sulfoxides, sulfones, and some
hydroxylamines.
The ability of DMA to distinguish protonated clozapine from protonated clozapine4'-N-oxide suggests that this reagent is applicable to the analysis of drug metabolites with
several functionalities. Also, this reagent can be used in many different types of reagent
inlet systems since it is volatile and has a short residence time in the vacuum region of a
mass spectrometer. This also enables the utilization of this reagent in multi-ported inlet
systems designed for the nearly simultaneous use of several different reagents on a
chromatographic time scale.18
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CHAPTER 5. HIGH PERFORMANCE LIQUID CHROMATOGRAPHY/MASS
SPECTROMETRY METHOD FOR DISTINGUISHING ISOMERIC
SACCHARIDES: A STUDY OF EPIMERIC 1,6-ANHYDROSUGARS

5.1 Introduction
Levoglucosan (1,6-anhydro-β-D-glucopyranose) is a major final product of fast
pyrolysis of biomass, starch, and cellulose.1-3 Two epimers of levoglucosan, mannosan
(1,6-anhydro-β-D-mannopyranose) and galactosan (1,6-anhydro-β-D-galactopyranose),
are also commonly observed in biomass pyrolysis products containing levoglucosan.4-8
These compounds are typically studied by gas-chromatography coupled with mass
spectrometry (GC-MS).9 However, this method often requires derivatization of the analytes
and generally produces fragment ions upon ionization thus complicating their mass
spectra.10 GC-MS is useful for analyzing thermally stable molecules but is less adequate
for analyzing molecules present in biomass pyrolysis products due to the high temperatures
required for the analysis.11-14
Liquid chromatography coupled with mass spectrometry (LC-MS) is a versatile
technique for biomass pyrolysis product analysis due to its ability to separate and ionize
carbohydrate mixtures without the need for high temperatures or analyte derivatization.15
Gentle ionization of analytes in LC-MS experiments may be achieved via electrospray
ionization (ESI) provided a suitable ionization reagent can be identified. A good ionization
reagent yields one predominant ion-type without causing excessive fragmentation of the
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analyte ion. Due to the numerous labile bonds in mono- and oligosaccharides , some LCMS methods still employ derivatization prior to ionization in order to avoid excessive
fragmentation of the analyte ions.16 On the other hand, alkali metal cations (e.g., Li+, Na+)
have been found to be effective in generating stable adducts of underivatized
oligosacharrides by ESI without inducing fragmentation.17-19 In these studies,
monolithiated isomeric dissacharides and oligosaccharides were subjected to collisionactivated dissociation thus revealing linkage positions of the glycosidic bonds.
In the current study, we report the utility of LC-MS incorporating Al3+ ion as a
gentle ionization reagent for studying epimeric 1,6-anhydrosugars. These species have not
previously been studied by this method and are of relative importance due to their
abundance as products from pyrolysis of cellulosic biomass.3,20 Additionally, the structures
of these species were examined using density functional theory calculations to understand
how Al3+ binds with saccharides since this information may pertain to future uses of Al3+
as an important ionization reagent. CAD of the formed complexes was investigated as a
method for distinguishing isomeric 1,6-anhydrosugar complexes with Al3+ based on
differences in their fragmentation spectra. Finally, the method was tested with a product
mixture derived from pyrolysis of cellobiose to determine its ability to identify
levoglucosan within a complex mixture.

5.2 Experimental
Solvents used for HPLC-coupled mass spectrometric analysis were LC-MS grade
and used without further purification. Aluminum trichloride was purchased from Acros
Organics at a purity of ≥99%. Formic acid (97%) was purchased from Alfa Aesar and used
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as is for doping all LC-MS grade solvents used in the study.

1,6-Anhydro-β-D-

glucopyranose (levoglucosan), 1,6-anhydro-β-D-galactopyranose (galactosan), and 1,6anhydro-β-D-mannopyranose (mannosan) were purchased from Carbosynth with purity
ranging from 97-99%. Feedstocks used for the fast-pyrolysis experiments were 50 μm
microcrystalline cellulose and D-(+)-cellobiose (>99.0%, ~50 μm) from Sigma Aldrich (St.
Louis, MO).
The fast-pyrolysis experiments were conducted using a high-pressure, cyclone-type,
fast-pyrolysis reactor system. The detailed description of this reactor is available in the
literature.21 The pyrolysis experiments were performed at ~500 °C pyrolysis temperature
at a total inert pressure of 27 bar (25 bar helium and 2 bar nitrogen). The feed flow rate
was ~0.5 g min-1 and experimental run time was ~1 hour. The vapor residence time in the
fast-pyrolysis reactor was ~2 seconds. The liquid products from the cellulose and
cellobiose fast-pyrolysis experiments were analyzed with the techniques, as explained
below.
Standards were prepared by dissolving 2.5 mg of the anhydrosugar in 3 mL of an
aqueous 0.1% formic acid solution to produce a final analyte concentration of 5 mM.
Pyrolysis-oil samples were prepared by dissolving 40 mg of liquid in 3 mL aqueous 0.1%
formic acid solution. These solutions were placed in 1 mL sample vials suitable for the
Finnigan Surveyor Plus HPLC system. 2.5 mg AlCl3 was dissolved in 3 mL of an aqueous
0.1% formic acid in water solution to produce a final concentration of 6 mM. However,
concentrations as high as 12 mM AlCl3, at the same syringe flow rate, did not noticeably
alter results.
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All analytes were introduced into the mass spectrometer by ESI operating in
positive-ion mode. Source conditions for these experiments were as follows: (capillary
temperature: 275 ⁰C; sheath gas flow: 80 a.u.; auxillary gas flow: 30 a.u.; spray voltage:
+3 kV; capillary voltage: 11 V; tube lens: 65 V). The trapping region of the instrument was
maintained at ~10-5 Torr by a triple-inlet turbomolecular pump as measured by an ion
gauge. The HPLC and LQIT were controlled by the Xcalibur 2.0 software and LTQ Tune
Plus interface. HPLC runs involved injection of 25 µL of sample solution onto a 300 X
7.8 mm Phenomenex Rezex ROA-organic acid analytical column. The Surveyor AS
column oven control maintained the column at a constant 60 ⁰C during the LC separation.
Separations were performed isocratically using a 0.1% formic acid in water mobile phase
at a flow rate of 400 µL min-1 with the total runtime being 30 minutes per analysis.
Aluminum trichloride solution was loaded into a Hamilton 500 µL, Model 1750 C-XP SYR,
gastight syringe and t-infused with the LC eluent at a constant flow rate of 10 µL min-1 via
the LQIT syringe pump. Full schematic of the experimental setup can be seen in Figure
5.1.
Density functional theory (DFT) combined with the hybrid generalized gradient
approximation functional developed by Becke, Lee, Yang, and Parr (B3LYP)22-24 was used
to compute the optimized geometries of the 2(M – H+)- + Al3+ analyte species. This popular
method uses the Becke88 exchange functional combined with the Lee—Yang—Parr (LYP)
correlation functional. The local minima predicted by this method were confirmed by
computing the vibrational frequencies which were used to obtain the zero-point energies
and thermal enthalpies (H298 – E0) for the three analytes. The contracted double basis set
6-31++G(d,p)25 was used for the approximation of molecular orbitals. Enthalpy differences
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(∆

) were calculated as the difference in the corrected enthalpies of product [2(M – H+)-

+ Al(III)] and reactant [2M] where M = 1,6-anhydrosugar. ∆

was used to compare

relative binding enthalpies between the three sugars with levoglucosan as the reference
(∆

= 0). All calculations were performed using the Gaussian 09 software suite (Revision

C.01).26

Figure 5.1 LC-MS scheme for AlCl3 experiments. The surveyor autosampler (AS) injects
25 µL of a 5mM aqueous solution of the pyrolysis-oil sample onto the ROA-organic acid
column. LC-MS grade water doped with 0.1% formic acid is pumped by the LC pump
through the column which separates constituents in the sample. This processed sample
stream is mixed with AlCl3(aq) soltuion via tee connector and fed into the electrospray
ionization (ESI) source of the mass spectrometer where the constituents are analyzed in
real time by the linear quadrupole mass spectrometer (LQIT-MS).

5.3 Results and Discussion
In order to assess Al3+ for its ability to distinguish isomers in raw pyrolysis-oil
samples, levoglucosan (LG) and two of its epimers were chosen for evaluation—galactosan
(GS) & mannosan (MN). The mixture of these compounds was subjected to separation by
reversed-phase ion-exchange HPLC using an isocratic elution medium consisting of 0.1%
(v/v) formic acid in water. The column chosen for this separation was a Rezex ROAorganic acid column (chosen because of its ability to separate carbohydrates). HPLC eluent
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was allowed to mix with AlCl3 solution via tee connector which allowed dissolved Al3+(aq)
cations to react with analytes eluting from the column (Figure 5.1). This allowed for the
generation of Al3+ complexes with analyte ions which were subjected to isolation and CAD
experiments (MS2). Mass spectra from the fragmentation of analyte complexes were used
for distinguishing the isomers of LG. DFT calculations were used to obtain structures for
the Al3+ complexes with 1,6-anhydrosugars and to determine which structural properties
affect their binding enthalpies.

5.3.1 HPLC-MS of Al3+ Complexes with 1,6-Anhydrosugars
Aluminium complexes in solution have been studied before using ESI and within
the list of thermodynamically stable monomeric species there are three main aluminium
hydroxides [Al(OH)]2+, [Al(OH)2]+, and [Al(OH)3]0. 27,28 These species are formed by the
hydrolysis of [Al ∙ (H2O)x]n+ and is the reason aqueous AlCl3 solutions are always found
to be acidic as shown in Scheme 5.1.

⇌
Scheme 5.1 Equilibrium of aquaaluminum complexes in solution.

The full mass spectrum of only the eluent with tee infused AlCl3(aq) reveals an abundant
tetravalent metal-ion complex with formic acid and water (m/z 153) (Figure 5.2). Upon
elution of LG, GS and MN from the column, a bidentate Al3+ complex [2(M – H) + Al]+
(m/z 349) was formed. Retention times for each analyte were determined from the
chromatogram of ion intensities for the m/z 349 ion. This “extracted” ion chromatogram
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(XIC) is generated by monitoring the ion of interest (m/z 349) as a function of time and
performing a data-mining process using the Xcalibur software. GS was found to separate
well from LG and MN however, LG and MN co-eluted (Figure 5.3). Thus, each of the three
anhydrosugars were analyzed by HPLC-MS individually and subjected to CAD
experiments for comparison (Figure 5.4). A particularly interesting observation is the large
difference in signal intensity produced by Al3+ complexes of GS with respect to LG and
MN.

Figure 5.2 Full mass spectrum of 0.1% (v/v) formic acid eluent at retention time 4.88 min.
The dominant Al3+ species is a tetrahedral coordination complex with two deprotonated
formic acid molecules and two water molecules (m/z 153) (top). Full mass spectrum of LG
at retention time 19.32 min (bottom) showing the [2(M – H) + Al]+ ion (m/z 349).
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Figure 5.3 Extracted ion chromatogram of 1,6-anhydrosugar epimers, levoglucosan (LG),
galactosan (GS), and mannosan (MN) corresponding to the [2(M – H) + Al]+ ion (m/z 349)
(M = LG, GS, or MN).

Figure 5.4 Individual extracted ion chromatograms (XIC) for the [2(M – H) + Al]+ ion (m/z
349) signal. XIC of Al3+ product with levoglucosan (top), galactosan (middle), and
mannosan (bottom).
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5.3.2 Geometries of Al3+ Complexes with 1,6-Anhydrosugars
To explain the differences in signal intensity for the anhydrosugars examined, each
of the Al3+ complexes were examined computationally at the B3LYP/6-31++G(d,p) level
of theory to obtain energy minimized structures and calculate binding enthalpies. Structural
features were compared among analyte complexes to investigate the cause for difference
in binding enthalpy among the complexes. LG was found to form two stable complexes
with Al3+: pseudo-tetrahedral and pseudo-octahedral (Figure 5.5). The pseudo-tetrahedral
isomer of LG [2(M – H) + Al]+ is only marginally higher in energy (<1 kcal mol-1)
suggesting that both of these two isomers form in solution. Conversely, DFT calculated
structures of Al3+ complexes of GS and MN were found to possess only the pseudotetrahedral configuration. The tetrahedral configuration of the Al3+ complexes produced by
the eluent (formic acid & water) were also found to be lower in energy relative to other
configurations. Two major configurations exist for coordination number 4—tetrahedral
and square planar. Geometry optimizations of the square planar analogs of the
[Al(OH)2(H2O)2]+ ion (m/z 97) failed to converge to a local minimum with the prescribed
structure but instead converged to the pseudo-tetrahedral structure as the nearest minimum
in the potential energy surface (PES). Thus, single point energies of the square planar
analogs were calculated and compared to the pseudo-tetrahedral analogs for each solventmetal complex which revealed an unfavorable energetic difference for the square planar
configuration. This suggests the tetrahedral configuration of Al3+ complexes is also
preferable for non-chelating ligand types (Figure 5.5).
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Figure 5.5 Equilibrium geometries of [2(M – H) + Al]+ anhydrosugar complexes and the
relative binding enthalpies (LGtet = 0 kcal mol-1) calculated at the UR-DFT/B3LYP/631++G(d,p) level of theory (top). Same level of theory applied to solvent complexes
(Al(OH)2(H2O)2 tetrahedral = 0 kcal mol-1) (bottom).

For each isomer of anhydrosugar [2(M – H) + Al]+ complex to conform to the
tetrahedral structure, the two bidentate ligands must twist by ~90º relative to each other.
GS also binds in this manner as well except that the C6 ring of the GS ligand contorts to
adopt a boat conformation contrary to its unbound form which prefers the lower energy
chair conformation. Steric hindrance may prevent galactosan from binding as efficiently as
LG and MN with Al3+ and may play a role in the decreased ion current produced for this
analyte. In addition to the stereo-selectivity of the Al3+ ion in each complex, the tetrahedral
bond angles obtained from equilibrium geometries were found to be disproportionate.
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Angle x1 which represents the angle between deprotonated hydroxyls (DPH) in the
complexes was found to be wider when compared to the angle between the nondeprotonated hydroxyls (NDH) (Table 5.1). MN has the largest x1 angle and actually adopts
the disphenoidal (see-saw) geometry. GS has the largest x2 angle edging closer to the
square planar configuration than the other complexes, which, has already been to shown to
be higher in energy for the formic acid and water complexes with Al3+. LGtet (Figure 5.5)
adopts a tetrahedral configuration that has similar bond angles as the calculated structure
of [Al(OH)2(H2O)2]+. This may be an indication of the steric freedom offered by 1,3coordination of the two coordinated hydroxyls in LG to the Al3+ metal center.

Table 5.1 Tetrahedral Angles of Selected [2(M - H) + Al]+ Complexes.

R’ = C [LG, GS, & MN], H [Al(OH)2(H2O)2]
R” = C [LG, GS, & MN], H [Al(OH)2(H2O)2]
2(M - H)- + Al3+
M

Degree (angle)
x1

x2

Al(OH)2(H2O)2 tet

144.718

100.058

Levoglucosantet

141.667

95.579

Galactosan
Mannosan

141.103
173.133

114.634
102.207

The relevant energies corresponding to the tetrahedral angles between DPH and
NDH were revealed by performing a relaxed potential energy scan of these two coordinates
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in the water complex [Al(OH)2(H2O)2]+. Relaxed scans were performed by constraining
the bond angle (x1 or x2) then optimizing the structure to the nearest minimum.
Modification of the bond angle x1 results in increased potential energy due to Van Der
Waals forces between the electron-rich oxygen atoms. However, the increase in energy is
rather gradual in the range of bond angles between135-144 degrees and only corresponds
to an increase of ~0.3 kcal mol-1 for LG and GS when compared to the equilibrium value.
The energy actually begins to level off approaching the x1 equilibrium bond angle of
144.718 degrees but begins to rise slowly as it approaches linearity. For MN this involves
an 8 kcal mol-1 increase in potential energy along the x1 coordinate but as we will soon see
this increased energy seems to be mitigated by a favorable binding enthalpy. Potential
energy was found to increase more rapidly for the x2 scan corresponding to the angle
between NDH’s. Still the effect is only marginal even for GS which has an x2 angle ~10
degrees tighter than the equilibrium value. Potential energy increases for GS are <1.5 kcal
mol-1 and not likely to contribute to the overall energy profile in a major way.

5.3.3 Influence of Binding Enthalpy on Relative Response Factor fi
In addition to geometry optimization calculations, binding enthalpies were
computed and compared for each complex by calculating the sum of electronic and thermal
enthalpies (H298 – E0) for the unbound sugars (M) then taking the difference between this
value and the calculated value for each complex:

2

2

(5.1)
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Energies were set relative to the LG [2(M – H) + Al]+ complex (∆
was related to the relative response factor

= 0). This information

for each analyte:

(5.2)

is the integrated peak area from the XIC for the LG [2(M – H) + Al]+ analyte.

where

Ai represents the integrated peak area of each analyte species. Table 5.2 contains the results
of this comparison which shows good agreement between theory and experiment. GS,
whose enthalpy of formation is less favorable by nearly 30 kcal mol-1, has a response factor
fi only 14% that of LG. MN rather has a lower enthalpy of formation relative to LG by
nearly 10 kcal mol-1 which agrees with the increased response factor for MN relative to
LG.

Table 5.2 Comparison of Relative Binding Enthalpies with the Relative Response Factor
2(M - H)- + Al3+ B3LYP 6-31++G(d,p)
M

(kcal/mol)

Levoglucosantet

0

Levoglucosanoct
Galactosan
Mannosan

-0.62
29.27
-9.87

Peak Area

Relative Response Factor

a.u.
26302550

1

3553851
38414387

0.1351
1.4605

5.3.4 1,6-Anhydrosugar Epimer Identification in Pyrolysis Oil
Obvious differences in the CAD mass spectra shown in Figure 5.6 make
distinguishing LG epimers facile by this method. LG does not contain the fragment
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pertaining to loss of glyoxal (C2H2O2) as MN does and GS is disproportionately favorable
to loss of formaldehyde and water (m/z 301). Fragmentation pathways have been shown to
be regiospecific in literature when charged sites, such as a DPH group, adopt different
orientations.29 The primary fragmentation pathway of LG [2(M – H) + Al]+ is loss of a C4
fragment C4H6O3 differing from GS & MN which readily lose water instead (Table 5.3).
Comparison CAD spectra from pyrolysis-oil (Figure 5.7), produced by the pyrolysis of
cellulose, with that of LG unequivocally confirms the identity of the major isomer present
in the sample to be LG with no other isomers present above 5% relative abundance.
However, the pyrolysis of cellobiose yields two additional LG isomers with different
retention times (Figure 5.10). The primary isomer produced by this method is still LG with
the other two isomers totaling <10% abundance relative to LG. Eluen B fragments to yield
the ions of m/z 331, 283, 247, and 205 in approximately the same relative abundances as
LG (peak A) but the product ions of m/z 321, 265, and 185 are unique. Additionally the
loss of C2H2O2 (m/z 291) appears to be more facile for B in comparison to LG which
produces only 3.5% relative abundance of this product ion. CAD spectra for eluen C is
more simple in comparison to previous analytes studied suggesting perhaps the structure
has fewer fragmentation pathways available to it or that the three major products (P+ – H2O;
CO; CH2O2) have low barriers to formation.
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Figure 5.6 Comparison of MS2 CAD spectra for [2(M – H) + Al]+ complexes of LG, GS,
and MN.

Table 5.3 MS2 CAD Fragment Ions Formed from [2(M - H) + Al]+ Ions.
Complex (P+)

m/z

Levoglucosan

247
283
331
301
205
289
313
259
271
273
229
187
291

Fragment Ions
P + – C 4H 6O 3
P+ – CH2O – 2H2O
P + – H 2O
P+ – CH2O – H2O
P + – C 6H 8O 4
P + – C 2H 4O 2
P+ – 2H2O
P + – C 3H 6O 3
P + – C 2H 6O 3
P + – C 2H 4O 3
P + – C 4H 6O 3 – H 2O
P+ – Levoglucosan
P + – C 2H 2O 2
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Table 5.3 (continued)
Complex (P+)

m/z

Galactosan

331
301
313
247
283

P+ – H2O
P+ – CH2O – H2O
P+ – 2H2O
P+ – C4H6O3
P+ – CH2O – 2H2O

Mannosan

331
247
289
259
291
271
313
301

P+ – H2O
P+ – C4H6O3
P+ – C2H4O2
P+ – C3H6O3
P+ – C2H2O2
P+ – C2H6O3
P+ – 2H2O
P+ – CH2O – H2O

Fragment Ions

*Products with relative abundances <5% are not included. Fragment molecules are ordered from those
having the highest abundance to those with the lowest abundance.
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Figure 5.7 MS2 CAD spectra comparison for LG (top) and pyrolysis-oil (bottom) [2(M –
H) + Al]+ complexes. Levoglucosan is the major isomer present in pyrolysis-oil.

Figure 5.8 Oil from the pyrolysis of cellobiose by using a cyclone reactor. The extracted
ion chromatogram of ions of m/z 349 (left). CAD (MS2) spectra of ionized A-C (right).
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5.4 Conclusions
The utility of a novel HPLC/MS method has been demonstrated for the separation
and distinction of isomeric anhydrosugars. A ROA-organic acid column, utilizing a 0.1%
formic acid (v/v) eluent, achieved baseline separation of GS from LG and MN however, a
variety of columns may be supplemented depending on the nature of the saccharides being
examined. The energetic properties affecting analyte binding with Al3+ has been explored
and was found to describe the relative differences in binding enthalpy. Coordination
variances of the aluminum/analyte complexes of epimeric anhydrosugars affects their
fragmentation behavior facilitating differentiation based on MS2 results. This gentle
ionization technique displayed no obvious signs of fragmentation and although many Al3+
species are generated, only one product was dominant in every case. The ability of this
method to distinguish between isomers in a real pyrolysis-oil mixture suggests it can be
used as a analytical method for assisting pyrolysis reactor design and development for
which the tailoring of end products is desired. Additionally, identification of final products
from the pyrolysis of cellobiose may be used to improve mechanistic understanding of
pyrolysis reactions.
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CHAPTER 6. CHARACTERIZATION OF ASPHALTENE DEPOSITS BY USING
MASS SPECTROMETRY AND RAMAN SPECTROSCOPY

6.1 Introduction
The precipitation of asphaltenes in oil transfer pipelines and refinery equipment is a
global problem which has exacerbated in recent years with the partial depletion of lighter
"sweet" crude oil in oil reservoirs.1,2 Asphaltenes are the heaviest fraction of crude oil and
are procedurally defined as being soluble in toluene but insoluble in n-alkanes.3 Since
asphaltenes are defined by their solubility rather than a well-defined molecular structure,
they represent a complicated mixture consisting of molecules with many different
structures and functionalities. In general, asphaltenes have been shown to contain
molecules with polycondensed aromatic rings possessing alkyl chains and sometimes
heteroatoms (S, N, and to a lesser extent O) and/or metals.4 Self-association of asphaltenes
is thought to be the step preceding precipitation and it has been shown to be related to the
structures of asphaltenes.5,6 In particular, the aromaticity has been correlated with selfassociation behavior.5 Furthermore, the lengths of their alkyl chains influences their
stability in crude oil, with longer alkyl chains resulting in decreased rate of precipitation.6
As the utilization of deepwater oil-gas resources becomes an important strategy for
prolonged energy solutions, prevention and remediation of asphaltene deposits will play a
vital role in ensuring the safe operation of offshore drilling stations.7 Thus, a better
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understanding of the molecular structures of asphaltenes in oil deposits is imperative for
researchers to develop improved methods for controlling asphaltene deposition.8,9
The propensity of asphaltenes to aggregate has been shown to be partially
dependent on the average diameter of the polycondensed aromatic sheet of their structures
which can be studied by Raman spectroscopy.10 Average molecular dimensions of a
polycondensed aromatic sheet can be estimated from the integrated intensities of graphitic
bands in the Raman spectra of asphaltenes.11,12 These bands arise from the microcrystalline
planar structure of the graphite-like condensed aromatic sheets of asphaltenes. Variation in
the diameter of the aromatic sheet has been observed for asphaltenes from different
geological origins, with most falling in the 10-20 Å range.10,12 Smaller diameters have been
correlated with greater stability of the asphaltenes in crude oil.10 Thus, examination of the
aromatic sheet size of asphaltenes derived from oil deposits is essential for understanding
the types of asphaltene structures that participate in deposition.
Additional characterization of the molecular structures of asphaltenes in crude oil
deposits may be obtained with the use of mass spectrometry. Alkyl chain lengths, aromatic
core sizes, and molecular weight distributions (MWDs) can be estimated from mass
spectrometric analysis of ionized asphaltenes.13,14 Tandem mass spectrometry (MSn) is
well suited for studying complicated mixtures such as asphaltenes due to its ability to probe
ions of individual constituents without prior separation.15 This requires an ionization
method that produces a single ion type per analyte to prevent convolution of the mass
spectrum. Recently, carbon disulfide was shown to dissolve asphaltene model compounds
and yield only molecular ions (M+•) upon ionization when operating the instrument in
positive ion mode.14,16
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In this study, Raman spectroscopy and mass spectrometry experiments were carried
out on n-heptane precipitated asphaltenes derived from crude oil deposits originating from
a Wyoming oil well with known deposition issues. The diameter of the aromatic sheets of
the asphaltenes were estimated from the integrated intensities of the graphitic bands in their
Raman spectrum. Alkyl chain lengths, approximate aromatic core sizes, and molecular
weight distributions (MWD) were determined via tandem mass spectrometry experiments
carried out in a Thermo Scientific linear quadrupole ion trap (LQIT).

6.2 Experimental
Crude oil deposits were provided by Nalco Champion. They were derived from the
Thompson Fee 2-35 oil well in Wyoming. Carbon disulfide (99.9%) used in the mass
spectrometric measurements was purchased from Alfa Aesar and used as received.
Asphaltenes were extracted from crude oil deposit by adding 1 g of the sample to
40 mL of n-heptane and stirring at 60 ᵒC for 2 hours followed by storing in dark at room
temperature overnight. The resulting mixture was passed through a membrane with 0.45
μm pore size to collect precipitated asphaltenes. The filtrate was washed with 5 mL nheptane and dried under vacuum. The total yield of asphaltenes was 32.7 wt % of the
original sample.
Raman spectra were collected with a single-point Raman microspectrometer (λex =
532 nm) at the Advanced Analytical Instrumentation Center (AAIC) at the Department of
Chemistry at Purdue University. The homemade Raman microscope features a 532-nm
DPSS laser (SLOC GL532RM-100) with a peak power of 100 mW. The laser beam was
collimated into an optical fiber coupled to the Raman head, equipped with a Semrock 532
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MaxLine® laser-line filter and a notch filter. Olympus LMPlan Fl (20x/0.40) or a Nikon E
Plan (100x/0.90) objectives were used; the laser power at the sample was measured to be
2.0 mW. The back-reflected light passed through the notch filter and was fiber-coupled to
an Acton Research SpectraPro 300i with a 3-grating turret (300, 1200 and 1800 BLZ). For
the experiments in this study the 300 BLZ grating was used. The light was then projected
onto a Roper Scientific LN/CCD 1340/400-EHRB/1 CCD (charge-coupled device). Data
was collected using WinSpec software.
Origin 9.1 software was used to process Raman spectroscopic data. The data were
baseline corrected and fitted with a Gaussian function utilizing a three peak fitting scheme.
Peak positions were determined from the peak centers at half-maximum.
The asphaltenes were dissolved in carbon disulfide (3 mg/mL) and introduced into
the APCI via a syringe pump at a flow rate of 10 µL min-1. APCI source conditions were
set as follows: vaporizer temperature: 300 ⁰C; capillary temperature: 275 ⁰C; N2 sheath gas
flow: 40 a.u. (arbitrary units); N2 auxiliary gas flow: 10 a.u.; corona discharge current: 5
μA; capillary voltage: 10 V; and tube lens voltage: 60 V. Molecular ions of varying m/z
value were isolated and subjected to CAD. An isolation window of 2 Da (selected m/z value
± 1) and a collision energy of 40 arbitrary units was used. The instrument's automated
tuning feature was used to optimize mass measurements for ions with m/z values in the
range from 50 up to 1500.

6.3 Results and Discussion
Asphaltenes derived from crude oil deposits were studied using Raman spectroscopy
and mass spectrometry. The Raman spectrum of asphaltenes resembles Raman spectra of
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microcrystalline graphite-like materials due to the presence of polycondensed aromatic
structures in these samples, thus allowing the use of the Tuinstra and Koenig equation17 to
estimate the size of the polynuclear aromatic structure (PNA). Two frequency bands in the
Raman spectrum are typically studied, the G band near 1580 cm-1 and the D1 band near
1350 cm-1. The G band arises from the stretching vibration of sp2 C-C bonds within an
ordered PNA structure. In-plane defects and heteroatoms alter the vibrational modes of the
sp2 carbons in the aromatic rings and give rise to the D1 band. In other words, the D1 band
arises from vibrational modes occurring at the periphery of a microcrystalline structure,
such as the edge of a polycondensed aromatic ring system like those found in asphaltenes.18
Since the intensity of the D1 band increases linearly with the number of atoms in the
periphery, it is possible to estimate the size of this microcrystalline structure.11,17
Information about the alkyl substituents on these PNA structures, such as the approximate
total number of carbons in alkyl side chains, were obtained using mass spectrometry. Prior
mass spectrometric studies of ionized asphaltene model compounds have shown that
collision-activated dissociation (CAD) of their ions can be used to determine the number
of carbons in alkyl substituents and the number of fused aromatic rings in the PNA core.14,19
Mass spectrometry experiments were performed by dissolving the oil deposit
asphaltenes in carbon disulfide (CS2), ionizing them via positive ion mode APCI, and
measuring their mass spectra. The APCI/CS2 method has been shown to produce stable
molecular ions (M+•) for asphaltene model compounds.16 The molecular weight
distribution (MWD) was obtained from the measured mass spectrum of ionized asphaltenes
and used to determine the average molecular weight (AVG MW) according to Equation
6.1. Tandem mass spectrometry (MSn) experiments were performed on isolated ions to
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estimate the approximate maximum total number of carbons in all alkyl chains. This was
accomplished by subjecting several isolated ions of varying m/z values to CAD
experiments and counting the number of carbons in the eliminated alkyl radical(s) that
produced the fragment ion with the lowest m/z value with an abundance greater than 1%
(relative to the most abundant ion in the mass spectrum). The approximate size of the
largest PNA core was estimated by determining the maximum number of fused aromatic
rings necessary to reach the m/z value of the fragment ion discussed above (with
methylenes possibly still remaining on the PNA core after elimination of alkyl chains via
benzylic and other cleavages).

AVG MW

∑

⁄
area all peaks
∑ area all peaks

(6.1)

6.3.1 Raman Spectroscopy of Oil Deposit Asphaltenes
The diameter of the aromatic sheet of oil deposit asphaltenes was measured by
Raman spectroscopy via determination of G and D1 bands’ integrated intensities by using
the Tuinstra and Koenig equation (eq. 6.2).17

Aromatic sheet diameter, L

44 I ⁄I

(6.2)

The integrated intensities IG (G band) and ID1 (D1 band) are sensitive to the crystallite size
La. Equation 6.2 may be used to estimate La as long as the G band is within an applicable
wavenumber range of 1575-1610 cm-1. The baseline corrected Raman spectrum of oil
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deposit asphaltenes can be seen in Figure 6.1. Three peaks were used to fit the overall
spectrum profile by using the Gaussian function. Starting peak positions chosen for the
fitting scheme were 1350, 1580, and 1600 cm-1 corresponding approximately to D1, G, and
D2 vibrational modes. The D2 band is the result of an intravalley process which connects
lines of a circle around the K point of a Brillouin zone.20 It has been suggested to arise from
the edge structure of a graphene-like molecule adjacent to the reference PNA molecule,
although its physical attribute is still not fully understood.11 Thus, evaluation of the
aromatic sheet diameter by Equation 6.2 should only involve D1 and G band intensities.
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Figure 6.1 Baseline corrected Raman spectrum of oil deposit asphaltenes fitted with the
Gaussian function by using three peaks.
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The fitted peak positions for D1, G, and D2 bands were found to be 1334 cm-1,
1592 cm-1, and 1598 cm-1, respectively. Evaluation of Equation 6.2 by using the integrated
intensities of D1 and G bands indicates an average aromatic sheet diameter (La) of 19.27
Å. The La value is larger than those found for asphaltenes derived from crude oil samples
from various geological locations.12 Heptane precipitated asphaltenes from crude oil
originating from Alaska, Mexico, Canada, and Saudi Arabia were studied previously by
Raman spectroscopy and observed to have La values in the range 15.2-18.8 Å when using
the Gaussian function to fit their spectral profiles.12 The larger La value for this sample
would suggest that asphaltenes derived from crude oil deposits have larger PNA structures
than asphaltenes derived from bulk oil. As reported previously, larger La values correlate
with lower asphaltene stability, likely as a result of increased self-association among the
asphaltene molecules.10 In other words, a greater number of fused rings in the PNA
structure facilitates self-association behavior and thus increases the rate of precipitation of
asphaltenes.

6.3.2 Mass Spectrometric Analysis of Asphaltenes in Crude Oil Deposit
The mass spectrum measured for ionized oil deposit asphaltenes can be seen in
Figure 6.2. The observed MWD ranges from 150 Da up to 1050 Da, with an AVG MW of
497 Da. These values are lower than MWDs and AVG MWs of petroleum asphaltenes
studied previously.21 Recently, similar studies conducted in our laboratories using the
APCI/CS2 mass spectrometry method found a MWD ranging from 275 Da up to 1500 Da
and an AVG MW of ~700 Da for oil derived petroleum asphaltenes.13 On the other hand,
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coal asphaltenes were found to have a MWD ranging from 200 Da up to 800 Da and an
AVG MW of ~450 Da,13 values that are in better agreement with the results reported here
for oil deposit asphaltenes. Differences in the molecular structures of petroleum and coal
asphaltenes were probed via CAD of their molecular ions in a previous study.13 Coal
asphaltenes were shown to have a higher ratio of aromatic carbons to alkane carbons than
petroleum asphaltenes, independent of the molecular weight.13 Thus, several ions with
different m/z values were isolated from ionized oil deposit asphaltenes and subjected to
CAD to examine the number of carbons in their alkyl side chains and to estimate the
number of fused aromatic rings that comprise their PNA core structure.
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Figure 6.2 APCI/CS2 mass spectrum of oil deposit asphaltenes.

The CAD mass spectrum of ions of m/z 432 ± 1 derived from oil deposit asphaltenes
can be seen in Figure 6.3. This CAD mass spectrum is similar to those measured earlier for
ionized petroleum and coal asphaltenes, wherein the abundances of fragment ions formed
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via large alkyl radical cleavages are lower than the abundances of fragment ions formed
via smaller alkyl radical cleavages.13 Ions of m/z 432 ± 1 appear to have a maximum total
number of 5 carbons in their alkyl side chains and an aromatic core that consists of no more
than 8 fused aromatic rings. CAD mass spectra were also measured for other ions with m/z
values ranging from 250 Da to 800 Da since this range comprises the most abundant ions,
as indicated by the mass spectrum (Figure 6.2). A summary of the results can be seen in
Table 6.1. The maximum total number of carbons in the alkyl side chains was found to
increase with the m/z value of the ion. Ions with m/z values near the arithmetic mean m/z
value of 497 contain larger PNA cores than ions with higher and lower m/z values. Since
ions of m/z 432 are among the most abundant ions among ionized oil deposit asphaltenes,
this result indicates that molecules with larger aromatic cores and shorter alkyl chains may
participate more in asphaltene deposition than molecules with smaller cores and longer
alkyl chains. This result is in excellent agreement with the Raman results discussed above
which indicate oil deposit asphaltene molecules contain a large average PNA core structure
and with earlier studies5,6 which found that asphaltenes with large PNA cores and short
alkyl chains precipitate out of crude oil more readily.
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Figure 6.3 CAD mass spectrum measured for ions of m/z 432 ± 1 derived from oil deposit
asphaltenes.

Table 6.1 Molecular Weight Distribution (MWD) and Average Molecular Weight (AVG
MW) Measured for Molecules in Oil Deposit Asphaltenes, And the Estimated Total
Number of Carbon Atoms in All Side Chains and Estimated Largest Aromatic Core Sizes,
Given for Ions with Selected m/z Values.
MWD
AVG MW
150-1050
497

Ion of m/z
256
326
432
548
612
704
800

Carbons in side chains
6
5
5
15
16
35
40

Estimated number of aromatic rings
2
4
8
7
9
4
4

6.4 Conclusions
Raman spectroscopic and tandem mass spectrometric analysis of n-heptane
precipitated asphaltenes derived from crude oil deposits revealed structural information
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about the molecular architecture of asphaltenes that participate in oil deposition. The
integrated intensities of D1 and G graphitic bands in the Raman spectrum of oil deposit
asphaltenes were evaluated using the Tuinstra and Koenig equation which revealed an
average aromatic sheet diameter of 19.27 Å for these molecules. This value is larger than
previously reported values for petroleum asphaltenes derived from crude oil suggesting
that asphaltenes with larger polycondensed aromatic systems are more important
participants in oil deposition. Mass spectrometric determination of the molecular weight
distribution (MWD) of oil deposit asphaltenes (evaporated and ionized via positive ion
mode APCI) was observed to be in the 150 Da to 1050 Da range with an average molecular
weight of 497 Da. The MWD of petroleum asphaltenes was shown previously13 to be from
275 Da up to 1500 Da when utilizing the same ionization and mass spectrometric method.
This indicates that the propensity for asphaltenes to precipitate is independent of their
molecular weight and likely to be dependent on their structures. The structures of oil
deposit asphaltenes were further investigated by tandem mass spectrometry based on
collision-activated dissociation (CAD) of their ions. CAD mass spectra of selected ions
with different m/z values showed that the most abundant constituents (as indicated by the
mass spectrum) had ~8 fused aromatic rings and a maximum total number of approximately
5 to 15 carbons in their alkyl chains whereas petroleum asphaltenes have ~8 fused aromatic
rings and ~22 total carbons in their side chains as reported in literature.13 While the size of
the aromatic core was shown to be the similar for petroleum and oil deposit asphaltenes,
the shorter alkyl side chains for oil deposit asphaltenes possibly contributes to the increased
deposition of these molecules via self-association of their aromatic rings. The estimated
maximum number of carbons in the alkyl side chains was found to increase steadily from
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5 to 40 carbons with increasing m/z value of the ion, although ions with alkyl chains
containing >30 carbons were observed in drastically lower abundance relative to ions with
fewer carbons in their alkyl chains. Large aromatic cores and short alkyl chains have
previously been correlated5,6 with asphaltene instability in crude oil. The results reported
here for the most abundant constituents in oil deposit asphaltenes agree with that
conclusion.
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CHAPTER 7. COLLISION-ACTIVATED DISSOCIATION OF IONIZED
ASPHALTENE MODEL COMPOUNDS CONTAINING TERMINAL AND
INTERNAL ALKYNE FUNCTIONALITIES

7.1 Introduction
Asphaltenes are the most aromatic constituent of crude oil. They are procedurally
defined as the fraction of petroleum that is soluble in toluene but insoluble in n-alkane
solvents.1 Asphaltenes are deleterious to the petroleum industry as a result of their ability
to stabilize water-in-oil emulsions, clog reservoir pipelines, and foul catalysts used during
petroleum upgrading.2-5 These problems are likely to become a greater concern for the
petroleum industry due to the diminishing availability of light crude oil thus requiring
heavier crude oil that is higher in asphaltene content be used more frequently as feedstock
in petroleum refineries. Also, due to the difficulties in upgrading asphaltenes, they
currently have only limited uses, including delayed coking (an inefficient method for
producing distillates) and paving roads.4,6 In order to address above issues and extract more
value from asphaltenes, a better understanding of their structures is imperative.4,7
Methods such as time-resolved fluorescence depolarization, NMR, EPR, UV-vis,
Taylor diffusion, and diffuse reflectance infrared spectroscopy have been used previously
to investigate the structures of asphaltenes.8-13 However, due to the complexity of
asphaltenes, these methods can only provide bulk information (average structural
information) rather than information on individual molecules. Based on these studies,
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asphaltenes are primarily aromatic hydrocarbons containing alkyl substituents and may
possess various heteroatoms, such as sulfur, nitrogen, and oxygen, as well as some trace
metals, such as vanadium and nickel.1 Asphaltenes have never been fully separated into its
individual components thus details about structures of individual molecules are still
obscure.1,9,14
Tandem mass spectrometry is well suited for the analysis of complicated mixtures
due to its ability to provide molecular level characterization of individual ionized
constituents without prior separation.15-17 Tandem mass spectrometry involves multiple
stages of ion isolation followed by dissociation or other reactions to provide structural
information on ions.18 Analysis of asphaltenes by mass spectrometry can be challenging
due to the absence of readily ionizable functional groups.19,20 However, recently carbon
disulfide (CS2) was identified as a suitable solvent and ionization reagent for asphaltene
model compounds when using APCI.21 CS2 dissolves asphaltenes and ionizes them to yield
only molecular ions when operating APCI in positive mode.
Recently, collision-activated dissociation (CAD) of molecular ions of asphaltene
model compounds containing saturated alkyl side chains was performed in a linear
quadrupole ion trap (LQIT) mass spectrometer.22 Analysis of the MS/MS (MS2) and
MS/MS/MS (MS3) spectra of these ionized compounds provided valuable new information
about the fragmentation behavior of molecular ions of aromatic compounds but
fragmentation behavior of these ions was found to be different from asphaltene molecular
ions.15 For example, as shown in Figure 7.1, CAD of the molecular ion of 1,6dodecylpyrene yields a facile cleavage of the α bond (also known as a benzylic cleavage)
relative to the aromatic ring system yielding a fragment ion with mass-to-charge (m/z) 355
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as the major product. Isolation of this fragment ion and subjecting the ion to another stage
of fragmentation results in a charge-driven process yielding a fully conjugated carbocation
and an alkene (Figure 7.1). CAD of asphaltene molecular ions also results in cleavage of
alkyl radicals in the MS2 experiment. However, isolation of fragment ions from the MS2
experiment and subjecting them to further fragmentation results in additional alkyl radical
cleavages rather than cleavage of alkenes. Additionally, CAD of asphaltene molecular ions
yields multiple fragment ions that decrease in abundance with m/z.15 A careful review of
crude oil formation may be useful in identifying new synthesis targets for asphaltene model
compounds which portray similar fragmentation behavior upon CAD of their molecular
ions as ionized asphaltenes.
Hydrocarbon pyrolysis has been hypothesized to be responsible for the formation
of crude oil at the high temperatures and pressures where it is formed.23 An understanding
of the pyrolysis mechanisms that produce aromatic hydrocarbons in crude oil may be useful
in predicting plausible structures for asphaltenes. Mechanisms of hydrocarbon pyrolysis
have been the subject intense scrutiny.24-26 In these studies, alkynes were discovered to be
important precursors in the complex chemical reactions that produce aromatic
hydrocarbons. Furthermore, growth of the aromatic rings into polycyclic aromatic
hydrocarbons in some of these processes involves alkyne substituted aromatic
hydrocarbons as intermediates.25 This would suggest the molecular structure of some
asphaltene constituents may contain C-C triple bonds. However, probing the structures of
asphaltenes to identify specific structural features, such as the presence of C-C triple bonds,
is difficult due to the complexity of asphaltenes.1,27 Spectroscopic methods, such as NMR
and IR, are not sensitive to alkyne funtionalities due to long relaxation times in NMR and
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weak absorbance in IR. Hence, C-C triple bonds have currently not been identified in
asphaltenes.28
In this study, synthetic model compounds containing alkyne, alkene, or alkyl
functionalities were ionized via APCI/CS2 to generate molecular ions and subjected to
multiple stages of isolation/fragmentation (MSn). Elucidation of the fragmentation
behavior of these ions is expected to generate new insight into the types of structural
features that give rise to the fragmentation behavior of real ionized asphaltenes. Hence, the
fragmentation behavior of molecular ions of asphaltenes from a Maya asphaltene sample
were also investigated for comparison. Mechanisms are proposed for some of these
fragmentation processes. Detailed quantum chemical calculations were performed to
explain the observed fragmentation behavior of the molecular ion of one alkyne
functionalized aromatic hydrocarbon.
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Figure 7.1 MS2-3 spectra of the molecular ion of 1,6-didecylpyrene results in the cleavage
of the bond α to the aromatic ring system (top). This fragmentation produces a carbocation
(m/z 355) and an alkyl radical as its products. CAD of the alkyl cleavage product ion (m/z
355) generates another carbocation and an alkene through a charge-driven rearrangement
(bottom).

7.2 Experimental
Synthesis methods of asphaltene model compounds are described in Chapter 3 of
this dissertation, including their NMR spectra, exact mass values, and melting points. CS2
(>99%) used in the MSn studies was purchased from Sigma-Aldrich (St. Louis, MO).
Asphaltene model compounds were dissolved in CS2 at a concentration of 1 mM
and introduced into the APCI ion source at a flow rate of 10 µL/min via direct infusion.
The APCI source settings were: vaporizer temperature 300 °C, discharge voltage and
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current 4 kV and 4.5 µA, respectively, capillary voltage 20 V, and tube lens voltage <55
V. Vaporization and ionization occurred in the APCI source with the assistance of N2 as
sheath and auxiliary gas at flow rates of 40 arbitrary units and 10 arbitrary units,
respectively. Ionization of alkyl aromatic compounds by APCI with CS2 solvent yields
stable molecular ions (M+•).21 An isolation window of 2 m/z (selected m/z ±1) with CAD
energy of 10 – 30 arbitrary units and a q value of 0.25 was used for all CAD experiments.
Abundances of product ions from MSn experiments were determined relative to the most
abundant ion in the mass spectrum (base peak) and normalized to 100 %.
Geometries and zero-point energies for all stationary points in the minimum energy
pathways of 2-(hex-1-yn-1-yl)naphthalene molecular ion were calculated at the B3LYP/631++G(d,p) level of theory by using the Gaussian 09 suite of programs.29 Frequency
calculations were performed to verify stationary points as energy minimums and to provide
zero-point vibrational energy corrections. Minimum energy structures have no imaginary
frequencies. Transition states structures were located using the Synchronous TransitGuided Quasi-Newton Method which is requested with the QST2 or QST3 keyword. The
energies reported in this paper are Gibbs free energies.

7.3 Results and Discussion
Maya asphaltenes were dissolved in CS2 and ionized via APCI to generate molecular
ions which were subjected to multiple stages of isolation followed by fragmentation by
CAD to obtain MSn spectra. The fragmentation behavior of these ions was studied and
compared with the fragmentation behavior of molecular ions of synthetic alkyne, alkene,
and alkyl functionalized aromatic hydrocarbons to investigate the types of structural
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features that may be present in real asphaltenes. Table 7.1 lists the model compounds that
were synthesized and studied. A total of 11 compounds were synthesized according to the
procedures described in Chapter 3 of this dissertation. These synthetic model compounds
were evaporated and ionized using the APCI/CS2 method. All compounds produced an
abundant molecular ion which was subjected to fragmentation via CAD, followed by
isolation of fragment ions and subjecting them to further CAD/isolation steps.
Fragmentation reactions are described below in detail for several model compounds studied.
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Table 7.1 Compound Identifiers, Molecular Weights, and Structures for the Model
Compounds Studied.
Compound

MW

1

222.32

2

208.30

3

222.32

4

286.41

5

282.38

6

282.38

7

296.40

8

366.54

9

522.76

10

578.87

11

634.89

Structure
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7.3.1 Tandem Mass Spectrometry of Ionized Maya Asphaltenes
The APCI/CS2 method has been shown previously to be a suitable method for
ionizing asphaltenes to produce molecular ions without causing fragmentation.15 A sample
of Maya asphaltenes was dissolved in CS2 (1 mg/mL), ionized via positive-mode APCI,
and introduced into the linear quadrupole ion trap mass spectrometer (LQIT). Ionization of
these asphaltenes by the APCI/CS2 method generates ions in the LQIT with a distribution
of m/z values with the most abundant ions near m/z values of 600. Ions of m/z 578 (± 1
m/z) were isolated and subjected to CAD to study their fragmentation reactions. As shown
in Figure 7.2, the dissociation of the molecular ion of m/z 578 yields a distribution of
fragment ions that are separated by 14 m/z units and decrease in abundance with their size.
The fragment ion due to loss of a methyl radical was isolated and subjected to further CAD
to yield a MS3 spectrum. Fragmentation of this [M-methyl]+ product results in another
methyl cleavage reaction. Continuing this process for the MSn experiments, methyl
cleavages were observed at every stage of CAD until total loss of ion signal. This type of
fragmentation behavior is unusual because it involves the generation of odd-electron
fragments from even-electron ions, a violation of the “even-electron rule”.30,31
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Figure 7.2 MS2-5 spectra for molecular ions of Maya asphaltenes at m/z 578.

7.3.2 Fragmentation Reactions of Ionized Alkyne Substituted Naphthalene Compounds
Naphthalene represents the simplest PAH and may be expected to be an
intermediate in the pyrolytic reactions that produce larger conjugated PAH molecules from
crude oil components while it is deep within the ground. Compounds 1, 2, and 3 were
ionized, isolated, and subjected to CAD using identical collisional energies so their CAD
mass spectra could be compared (Figure 7.3). Loss of methyl radical is a major
fragmentation pathway for each of these ions. The position of the methyl on the side chain
greatly influences the distribution of products upon CAD of 1+• and 3+•. Cleavage of methyl
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and propyl radical are dominant in the MS2 spectrum of the molecular ion of compound 1.
Conversely, the abundance of fragment ions decreases with their size upon CAD of 3+•,
similar to CAD of molecular ions of asphaltenes. Upon isolation of the methyl loss
fragment ion ([M-CH3]+) followed by CAD, each ion dissociates to cleave an additional
methyl radical. This type of fragmentation is a clear violation of the “even-electron rule”
for singlet cations.31 Furthermore, the MS3 spectra of the [M-CH3]+ fragment for ions 1 and
3 are identical suggesting these ions undergo rearrangement to form a common
intermediate upon CAD. Upon CAD, 2+• dissociates exclusively by radical-driven
processes upon CAD of the [M-CH3]+ fragment whereas the fragment ions of 1 and 3 also
dissociate by loss of ethylene and propylene. This likely indicates that increased branching
in the alkyne side chain lowers the activation barrier to radical-driven dissociation reactions
that produce odd-electron fragments from even-electron ions.
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Figure 7.3 MS2-3 spectra of 1+•, 2+•, and 3+• and the proposed major fragmentation pathway
of 2+•. (a) CAD (collision energy 15) of 1+•, 2+•, and 3+• of m/z 222, 208, and 222,
respectively; (b) CAD (collision energy 20) of the [M-CH3]+ fragment of ions of m/z 207,
193, and 207. (c) Dissociation mechanism for the α bond cleavage reaction of 2+•.

7.3.3 Fragmentation Reactions of Mono Substituted Pyrene Compounds
Pyrene was used as a model for larger PAHs that are known to also exist in
asphaltenes.1 An increasing number of condensed rings in the PAH lowers the ionization
potential32 and further stabilizes the charge upon ionization through increased
delocalization. Hence, the fragmentation behavior is also affected. Four mono substituted
pyrene compounds were studied: an alkyl substituted pyrene (compound 4), alkyne
substituted pyrene, one conjugated to the π-electron system of the aromatic rings
(compound 5) and one deconjugated (compound 6), and an alkyne substituted pyrene
possessing a methyl branch α to the triple bond (compound 7). Each of these compounds
readily forms an abundant molecular ion upon ionization using the APCI/CS2 method. The
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only observable fragmentation pathway of 4+• is benzylic bond cleavage to eliminate the
alkyl chain (Figure 7.4a). Interestingly, the molecular ions of alkyne substituted pyrene
compounds 5 and 6 both dissociate by cleavage of methyl, ethyl, and ethylene in addition
to α bond cleavage to eliminate propyl (Figure 7.4b and 7.4c). These cleavages occur
despite lacking methyl or ethyl functional groups α to the π-electron system whereby an
alpha bond cleavage may be expected to occur readily. Furthermore, the triple bond in 6 is
not conjugated with the aromatic system but rather at the terminus of the alkyl substituent.
Thus, dissociation of 6+• must occur via complex rearrangement initiated by an interaction
of the triple bond with the aromatic ring system (Figure 7.4f). Otherwise we would expect
benzylic bond cleavage to be the dominant fragmentation pathway as it is for 4+•.
Additionally, the abundance of fragment ions decreases with m/z upon CAD of 5+• with
the exception of the α bond cleavage product (Figure 7.4b, m/z 239). This type of
fragmentation behavior is remarkably similar to CAD fragmentation patterns exhibited by
molecular ions of asphaltenes.
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Figure 7.4 MS2 spectra of 4+•, 5+•, and 6+• and proposed major fragmentation reactions: (a-c) CAD (collision energy 20) of 4+•, 5+•,
and 6+• of m/z 286, 282, and 282, respectively; (d) α bond cleavage reaction of the molecular ion of hexylpyrene (compound 4);
(e) α bond cleavage reaction of the molecular ion of 1-(hex-1-yn-1-yl)pyrene (compound 5); (f) proposed rearrangement of the
molecular ion of 1-(hex-5-yn-1-yl)pyrene (compound 6) prior to dissociation.

142

142

143
In order to explain the observed dissociation processes of 5+• upon CAD, several
fragmentation mechanisms were examined using density functional theory (DFT)
calculations to identify the minimum energy pathway (MEP) leading to the cleavage of
methyl, ethyl, and propyl radical from 5+•. DFT calculations scale as N4, where N is the
number of occupied orbitals. Thus, naphthalene was used as a surrogate for pyrene to
simplify the calculation of the MEP. The proposed fragmentation mechanisms and MEPs
for cleavage of methyl, ethyl, and propyl are shown in Scheme 7.1 and Figure 7.5,
respectively. Methyl and ethyl cleavages are initiated by a hydride shift from the α carbon
relative to the alkyne at a calculated barrier of 38 kcal mol-1. Dissociation of the α bond
relative to the radical site yields an ethyl cleavage fragment ion with an overall calculated
barrier of 43.9 kcal mol-1 for this process. Conversely, the molecular rearrangements
leading to cleavage of a methyl radical occur below the dissociation threshold for ethyl
cleavage. Hence, cleavage of a methyl radical from the molecular ion of 2-(hex-1-yn-1yl)naphthalene is kinetically more favorable than ethyl cleavage. This result is in excellent
agreement with the MS2 spectrum of 5+• (Figure 7.4b) which shows [M-methyl]+ fragment
ions in higher relative abundance than [M-ethyl]+ fragment ions. Furthermore, cleavage of
propyl radical by α bond cleavage has a calculated barrier of 36.9 kcal mol-1, indicating
this pathway is the most favorable of the three investigated mechanisms. This is also
supported by the CAD results of 5+• which shows a higher abundance of the [M-propyl]+
fragment ion relative to fragment ions due to methyl and ethyl cleavages. Facile cleavage
of the C-C bond α to the alkyne suggests that the addition of a methyl substituent on the
carbon α to the alkyne should result in higher abundance of the [M-methyl]+ fragment ion,
thus, producing a distribution of fragment ions’ abundances in overall better agreement
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with CAD spectra of molecular ions of real asphaltenes. The CAD spectrum of 3+•
corroborates this notion. Thus, a pyrene analog of 3 was synthesized, ionized using the
APCI/CS2 method and studied by CAD to determine if the molecular ions of larger
aromatic ring systems fragment differently despite possessing an identical substituent.
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M+•

[M – propyl]+

[M – methyl]+

Scheme 7.1 Proposed mechanisms for the cleavages of methyl, ethyl, and propyl from the molecular ion of 2-(hex-1-yn-1yl)naphthalene
145

145

146

50

50

50
(43.9)

(29.0)

Energy (kcal mol-1)

30

(15.2)
(12.7)

10

(5.6)
0

0

(0.0)

(12.7)

(0.0)

-10

-10
(-12.0)
-20

20

10

(36.9)

40

(32.4)

30

(19.4)

20

(38.0)

30

Energy (kcal mol-1)

40

(38.0)

Energy (kcal mol-1)

40

20

10

0

(0.0)

-10

(-11.5)

Reaction Coordinate

Reaction Coordinate

-20

Reaction Coordinate
Reaction Coordinate

-20

Reaction Coordinate
Reaction Coordinate

Figure 7.5 Calculated minimum energy pathways (bottom) at the B3LYP/6-31G++(d,p) level of theory. Mechanism details: cleavage
of propyl radical from the molecular ion of 2-(hex-1-yn-1-yl)naphthalene occurs directly by dissociation of the C-C bond α to the
alkyne (calculated barrier = 36.9 kcal mol-1). Methyl and ethyl cleavages possibly occur through a common intermediate produced
by a hydride shift to the carbon β to the aromatic ring (calculated barrier = 38 kcal mol-1). Cleavage of the bond α to the π-electron
system would produce the [M-ethyl]+ fragment ion (calculated barrier = 43.9 kcal mol-1). However, a 1,5 H-shift and ring-closure
would produce a methylcyclopropane intermediate at a significantly lower calculated barrier of 19.4 kcal mol-1. Ring-opening of the
methylcyclopropane intermediate followed by cleavage of methyl would yield the [M-methyl]+ fragment ion with an overall
calculated barrier of 38 kcal mol-1.
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Upon CAD of 7+•, cleavage of methyl radical occurred more readily than ethyl and
propyl (Figure 7.6a). The abundances of fragment ions relative to the parent ion (m/z 296)
are lower than what was observed for the CAD of 3+• despite utilizing identical collisional
energies. This is likely due to an increase in available vibrational modes for pyrene than
naphthalene and the ability to release energy in the form of IR light.33 The fragment ion
pertaining to cleavage of methyl radical was isolated and subjected to further CAD (MS3)
resulting in cleavage of methyl, ethyl, ethylene, and propylene (Figure 7.6b). Cleavages of
methyl and propylene from the [M-methyl]+ fragment ion are more facile than what was
observed upon CAD of 3+• indicating a lower activation barrier for these fragmentations.
Thus, alkyne substituted naphthalene and pyrene can be distinguished based on differences
in the CAD of their molecular ions.

148

(a)

(b)

Relative Abundance

7
M+•
296
100
80 MS2 of m/z 296
60
Ion abundances
•CH3
40
decrease with size 281
20
202
239 254 267
0
281F+
100 MS3 of m/z 281
80
60
•CH3
239
266
40
253
20
202
0
200
250
m/z

(c)
•CH3

m/z 281

m/z 296

m/z 239

Figure 7.6 MS2-3 spectra of 7+• and proposed major fragmentation reactions: (a) MS2 spectrum of 7+• (m/z 296); (b) MS3 spectrum
of the [M-CH3]+ fragment ion of 7+• (m/z 281); (c) Proposed fragmentation reactions of 7+•. α bond cleavage yields the [M-CH3]+
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7.3.4 Fragmentation Reactions of Ionized Alkene Substituted Pyrene
In addition to alkyne substituted aromatics, one alkene substituted pyrene was
studied. CAD of the molecular ion of 1,6-di((E)-hex-1-en-1-yl)pyrene (compound 8) yields
a distribution of fragment ions separated by 12-14 m/z units (Figure 7.7a). Cleavage of
methyl, ethyl, and propyl is observed but the abundances of their ions did not in general
decrease with m/z. The abundance of the fragment ion pertaining to cleavage of methyl is
lower than most of the other fragment ions in the spectrum including the fragment ions
generated from ethyl and propyl cleavages indicating a high activation barrier. This type
of fragmentation behavior is in poor agreement with CAD spectra of molecular ions of
asphaltenes. Furthermore, isolation of the methyl cleavage fragment ion and subjecting the
ion to further CAD does not produce an additional methyl cleavage fragment ion. The
differences in fragmentation of the molecular ion of an alkene substituted aromatic
hydrocarbon may be due to the double bond functionality which may undergo reaction with
the aromatic rings as shown in Figure 7.7d.
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Figure 7.7 MS2-3 spectra for the molecular ion of 8 and proposed major fragmentation
reactions: (a) CAD (collision energy 15) of M+• of 8 of m/z 366; (b) CAD (collision energy
15) of the [M-CH3]+ fragment of 8 of m/z 351; (c) cleavage of propyl radical occurs by α
bond cleavage relative to the π-electron system to yield the [M-propyl]+ fragment ion of
m/z 323; (d) radical initiated ring closure followed by α bond cleavage produces the [Mbutyl]+ fragment ion of m/z 309.

7.3.5 Fragmentation Reactions of Ionized Tetra Substituted Pyrene Compounds
The fragmentation behavior of three ionized tetra-substituted pyrene compounds
was studied. These compounds contain the pyrene core which consists of four fused
aromatic rings. Compound 9 possesses the linear alkyne substituent while compounds 10
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and 11 contain the analogous branched alkyne (3-methylhexyne) that was also examined
in 3+• and 7+•. Compound 11 possesses a 2-ethynylnaphthalene substituent in place of one
3-methylhexynyl group which was ionized and studied by CAD to determine the effect of
increased π-bond conjugation on fragmentation of molecular ions of branched alkyne
substituted aromatic hydrocarbons. The MS2-3 spectra of molecular ions 9-11 can be seen
in Figure 7.8. Cleavage of propyl is the dominant fragmentation pathway for each of the
three molecular ions upon CAD. Methyl and ethyl cleavages are also observed but are less
favored. Conversely, CAD of 7+•, shown earlier, also affords a fragment pertaining to
propyl cleavage but in strikingly lower abundance relative to the fragment ion due to
cleavage of methyl. Additionally, the higher abundance of the fragment ion due to cleavage
of propyl from 11+• compared to 10+• suggests that π-bond conjugation afforded by the 2ethynylnaphthalene substituent lowers the activation barrier to α bond cleavage. Thus, each
additional alkyne substituent provides an additional conjugated π-bond, further stabilizing
the radical and charge in the molecular ion and further favoring the α cleavage pathway.
Hence, CAD of 10+• favors cleavage of propyl radical whereas CAD of 7+• does not.
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Figure 7.8 MS2-3 spectra of 9+•, 10+•, and 11+•. (a) CAD (collision energy 15) of 9+•, 10+•, and 11+• (m/z 522, 578, and 634,
respectively); (b) CAD (collision energy 20) of the [M-CH3]+ fragment of 9+•, 10+•, and 11+• (m/z 507, 563, and 619, respectively).
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The addition of a methyl to the α carbon of the alkyne substituent results in an
increased abundance of the [M-methyl]+ fragment ion upon CAD of 7+• due to an additional
available alpha cleavage pathway whereby methyl radical is cleaved. However, the
increase in abundance of the [M-ethyl]+ fragment ion that is also observed for these ions is
less obvious. A closer look at the fragmentation pathway leading to cleavage of ethyl
(Scheme 7.2) indicates that the additional methyl group on the side chain may afford extra
stabilization to the radical after the initial hydride shift preceding ethyl cleavage. This extra
stabilization likely increases the resonance contribution of the resonance structure
possessing a radical localized on the tertiary carbon α to the dissociating bond. Hence, a
higher abundance of the [M-ethyl]+ fragment ion is observed upon CAD in these cases.

[M-ethyl]+
•CH2CH3

Scheme 7.2 Proposed mechanism for the cleavage of ethyl from 10+•. One resonance
structure, wherein the radical is localized on a tertiary carbon, may help facilitate the
cleavage of an ethyl radical via dissociation of the α bond relative to the radical site.
Molecular ions of 10 and 11 were found to fragment by cleavage of methyl, ethyl,
propyl, and butyl and the abundance of the fragment ions resulting from these cleavages
decrease with m/z (Figure 7.8a). This fragmentation behavior is similar to real ionized
asphaltenes, with the exception of the fragment ion resulting from α cleavage ([M-propyl]+).
However, CAD of 9+• generates a distribution of fragment ions in relatively similar
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abundances. As stated earlier, increased π-bond conjugation alters the fragmentation
behavior by favoring the α-cleavage pathway. The additional alkyne substituents increases
the number of conjugated π-bonds in the molecule. Thus, CAD of 5+•, which possesses
only a single alkyne substituent, results in greater relative abundances of higher mass
fragment ions. Isolation of the [M-methyl]+ fragment ion and subjecting it to further CAD
generates MS3 spectra that are unique to each ionized model compound. Facile cleavage of
the alkyne substituent occurs for the fragment ion of m/z 507 (compound 9, Figure 7.8b)
whereas propyl cleavage is still the dominant fragmentation pathway for 10+• and 11+•.
CAD of the fragment ion pertaining to cleavage of methyl from 11+• (m/z 619) is more
favorable than for 10+• indicating a lower activation barrier. Cleavage of a molecule of MW
128 Da (naphthalene) also occurs upon CAD of ion of m/z 619 indicating hydrogen
scrambling in the ion, possibly via hydride shift reactions, prior to dissociation.
A side by side comparison of the MS2-5 spectra of CAD spectra of Maya asphaltene
molecular ions and 11+• shows appreciable agreement. Each stage of CAD yields additional
fragment ions resulting from methyl cleavage. Additionally, the abundance of fragment
ions tends to decrease with m/z for 11+• and Maya asphaltene molecular ion of m/z 618.
Notable exceptions are the cleavage of propyl from ion of m/z 619 (MS3) and m/z 604
(MS4) for 11+• (Figure 9). These results suggest that ionized branched alkyne substituted
aromatic hydrocarbons are a good candidate for real ionized asphaltenes and may be a
major contributor to the dissociation reactions that are characteristic of ionized asphaltenes.
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Figure 7.9 MS2-4 spectra of Maya asphaltene ion of m/z 618 (left) and 11+• (right). CAD
collision energy 20.

7.4 Conclusions
CAD reactions of molecular ions of asphaltenes have been shown to yield fragment
ions due to cleavage of methyl, ethyl, propyl, and butyl and the abundances of their
fragment ions decrease with m/z. Additionally, subsequent CAD of these fragment ions
yields a similar pattern wherein methyl cleavage is the dominant fragmentation pathway
followed by ethyl, propyl, then butyl. Moreover, dissociation of the molecular ions of
asphaltenes generates even-electron fragment ions that continue to dissociate by radical
cleavages upon CAD in violation of the even-electron rule. Molecular ions of alkyne
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substituted aromatic hydrocarbons were shown to fragment in a manner similar to
molecular ions of real asphaltenes, i.e., generation of odd-electron fragment ions from
even-electron fragment ions. Bond cleavage α to the alkyne functionality was found to be
the dominant fragmentation pathway for all molecular ions of compounds containing linear
alkynyl substituents. Molecular ions of compounds containing a methyl α to the triple bond
yield methyl, ethyl, and propyl cleavages upon CAD and the abundance of fragment ions
decrease with m/z similar to CAD of molecular ions of real asphaltenes. However, one
molecular ion possessing a methyl group γ to the triple bond did not fragment in this
manner. This suggests that the position of the methyl group plays an important role in the
fragmentation behavior of molecular ions of alkyne substituted aromatic hydrocarbons and
possibly molecular ions of asphaltenes. The molecular ion of an alkene substituted aromatic
hydrocarbon was shown to fragment upon CAD to yield fragment ions that are separated
by 14 m/z but the abundances of these fragment ions did not in general decrease with m/z.
Fragment ions due to cleavage of propyl and butyl were observed in higher abundance than
fragment ions due to cleavage of methyl and ethyl. Molecular ions of compounds
containing four alkynyl substituents favored the α-cleavage pathway possibly as a result of
increased charge and radical delocalization afforded by the additional π-bonds of the
alkynyl groups.

The cleavage of an intact naphthalene molecule upon CAD of one fragment ion
containing the 2-ethynylnaphthalene substituent suggests that hydrogen scrambling occurs
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prior to dissociation of these ions. Finally, MSn experiments of the molecular ion of 1,3,6tris(3-methylhex-1-yn-1-yl)-8-(naphthalen-2-ylethynyl)pyrene show excellent agreement
with MSn experiments of molecular ions of real asphaltenes.
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CHAPTER 8. MOLECULAR REARRANGEMENTS OF DIPHENYLMETHANE
RADICAL CATION UPON COLLISION-ACTIVATED DISSOCIATION IN A
LINEAR QUADRUPOLE ION TRAP MASS SPECTROMETER

8.1 Introduction
The molecular ions (M+•) of diphenylmethane (DPM) and its derivatives have been
the subject of study for many years.1-3 The diphenylmethyl group, also known as
benzhydryl, is a common carbon skeleton found in numerous therapeutic drugs such as
nervous system stimulants, anticholinergics, and antihistaminics.4-6 Peculiar to the mass
spectra of DPM is the cleavage of a methyl radical upon dissociation of its molecular ion.13,7,8

The mechanism of this process involves an obscure rearrangement which has been

investigated previously by Bowie et. al. by studying the decompositions of the molecular
ions of several 2H- and 13C-labelled derivatives of DPM.9,10 Comparison of the [M – xCH3+
nDn]

(x = 12 or 13; n = 1-3) product ratios with calculated product ratios indicate complete

carbon and hydrogen scrambling prior to dissociation. Furthermore, metastable defocusing
experiments show the elimination of methyl radical to be a slow process (τ = 10-7 – 10-3 s)
characterized by a low activation barrier—conditions favorable for scrambling processes
involving many rearrangements.9 The work of Bowie and coworkers suggests dissociation
of DPM+• may involve passage through a methylbiphenyl intermediate (Scheme 8.1) before
cleavage of methyl radical. Metastable ion ratios of 2H-labeled derivatives of a, b, and c
(Scheme 8.1) show these ions scramble to the same extent in addition to having very similar
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mass spectra when subjected to the same electron ionization potential. However, the
minimum energy pathways (MEPs) leading to cleavage of methyl radical from these ions
have not been fully explored.

a

b

c

Scheme 8.1 Isomerization of diphenylmethane radical cation.

On the other hand, the unimolecular reactions of toluene radical cation (TOL+•)
have been studied quite extensively and found to exhibit carbon and hydrogen scrambling
by processes similar to those proposed for ionized DPM.11 TOL+• and cycloheptatriene
(CHT+•) are shown to interconvert rapidly at the dissociation threshold for cleavage of a
hydrogen atom12 similar to the interconversion process a⇌ b (scheme 1) proposed by
Bowie and coworkers for DPM+•.9 However, unlike DPM+•, TOL+• does not readily
dissociate by loss of methyl radical. Hence, further investigation of the unimolecular
reactions of DPM+• are needed to elucidate the MEP for the methyl radical cleavage process.
Previous investigations of DPM+• were conducted using double-focusing mass
spectrometers and electron ionization (EI).9,10 Precursor ions generated in these
experiments possess internal energies in excess of the activation barrier for dissociation,
defined as kinetic shift. This is necessary to induce fragmentation of the ion within the
timescale of the experiment. Hence, unimolecular dissociation reactions involving multiple
rearrangements are well suited for trapping instruments due to the longer activation times
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that can be provided during experiments conducted with these instruments. Thus, mass
spectrometry experiments conducted in this work were performed in a linear quadrupole
ion trap (LQIT) mass spectrometer utilizing collision-activated dissociation (CAD). CAD
is considered a “slow heating” method wherein activation occurs via inelastic collisions
with an inert gas over a time period longer than the unimolecular reaction rates.13 Hence,
CAD is well suited for dissociation reactions involving multiple rearrangements such as
the scrambling reactions of DPM+•. A series of 2H- and 13C-labelled derivatives of DPM
were studied to determine the extent of carbon and hydrogen scrambling. High level
theoretical calculations were performed to elucidate the MEP leading to cleavage of methyl
radical from DPM+•. Additionally, potential isomers of [DPM – CH3]+ such as [biphenyl –
H]+, [biphenylene + H]+, and [3-phenyltoluene – CH3]+ were subjected to CAD to identify
a possible structure of the final product ion upon loss of methyl radical and to determine
the validity of the proposed MEP.

8.2 Experimental
All compounds were dissolved in CS2 (~1 mg/mL) with the exception of
biphenylene which was dissolved in hexane (~1 mg/mL). The resulting solutions were
introduced into the APCI source (vaporizer temperature 300 ᵒC, discharge voltage and
current 3-5 kV and 2-6 μA, respectively, capillary voltage 10-48 V, tube lens ≤40 V) and
vaporized with the assistance of N2 sheath (40 arbitrary units) and auxiliary (10 arbitrary
units) gas. Tube lens voltage was maintained at or below 40 V since higher voltages
induced fragmentation of ions before reaching the trap resulting in reduced ion signal.
Ionization of aromatic molecules by the APCI/CS2 method have been shown to produce
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molecular ions (M+•) when operating the instrument in positive mode.14 Ions were
accumulated in the LQIT and subjected to collision-activated dissociation (CAD) for the
MS/MS (MS2) and MS/MS/MS (MS3) experiments. For these experiments, ions were
subjected to the excitation waveform for 30 ms. A q value of 0.25 was used for CAD
experiments involving the molecular ions of 3-phenyltoluene, DPM, and 2H- and

13

C-

labelled derivatives of DPM. However, the [DPM – CH3]+ product and its isomers required
higher-energy collisions to induce fragmentation, thus a q value of 0.50 was used for these
studies. Ion abundances reported in the MS2-3 spectra are averages of at least 60 scans.
The minimum energy pathway (MEP) leading to loss of a methyl radical from the
molecular ion of DPM was obtained using the hybrid density functional developed by
Becke, Lee, Yang, and Parr15 (B3LYP) in the spin-unrestricted formalism with the ccpVTZ16 (correlation consistent-polarized valence triple-ζ) basis set. All calculations were
carried out using the Gaussian 09 suite of programs.17 Frequency calculations were
performed to obtain zero-point energy (ZPE) corrections, 298 K thermal contributions to
the energy, and to verify all stationary points as either minima or transition states.
Minimum energy structures do not contain imaginary frequencies whereas transition states
contain a single imaginary frequency pertaining to the vibrational mode involved in the
transition.

8.3 Results and Discussion
Elucidation of the methyl cleavage reaction for DPM+• involved CAD of isotope
labeled derivatives of DPM+•, computational modeling, and CAD of relevant [DPM –
CH3]+ isomers. First, the degree of carbon and hydrogen scrambling preceding
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fragmentation of DPM+• was evaluated by analyzing molecular ions of 2H- and 13C-labelled
derivatives of DPM which were studied in a linear quadrupole ion trap (LQIT) mass
spectrometer using collision-activated dissociation (CAD) of their molecular ions. Product
ratios pertaining to loss of CH3, CH2D, CHD2,

13

CH3,

13

CH2D, and

13

CHD2 from the

molecular ions of compounds in Table 8.1 were measured and compared to their calculated
ratios based on statistical scrambling of their ions. Molecular orbital calculations were
performed to elucidate the minimum energy pathway (MEP) leading to the cleavage of
methyl radical from DPM+•. CAD of ionized compounds hypothesized for the [DPM –
CH3]+ product ion were performed to probe its structure and determine the validity of the
proposed MEP.

Table 8.1 Names, Molecular Weights, and Structures of
Diphenylmethane Derivatives.
Compound

MW

(1,1-2H2)Diphenylmethane

170.11

2

(2- H1)Diphenylmethane

169.10

(4-2H1)Diphenylmethane

169.10

13

(1- C)Diphenylmethane

13

2

(1- C,1,1- H2)Diphenylmethane

169.10

171.11

2

H- and

Structure

13

C-Labelled
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8.3.1 Collision-Activated Dissociation of Ionized 2H- and 13C-Labelled Diphenylmethane
Derivatives
In order to investigate the extent of hydrogen and carbon scrambling for the
molecular ion of DPM preceding loss of methyl radical, 2H- and 13C-labelled derivatives
of DPM were synthesized (see Chapter 3), dissolved in CS2 (~1 mg/mL), ionized via
positive mode APCI, and subjected to CAD in the LQIT. All compounds produced an
abundant molecular ion (M+•) using the APCI/CS2 method. An activation time of 30 ms
was chosen since it is considerably longer than the unimolecular reaction rates of DPM+•
as reported ealier.9 Upon CAD, cleavage of CH3, CH2D,
13

13

CH3, CHD2,

13

CH2D, and/or

CHD2 occurred for these compounds and the abundances of the resulting product ions

corresponding to these losses were measured. The product ratios were compared to
calculated ratios based on statistical scrambling without kinetic isotope effects included.
As can be seen in Table 8.2, the observed product ratios from cleavage of methyl radical
with and without a label are very close in value to the calculated product ratios
corresponding to each loss. This indicates DPM+• undergoes complete hydrogen and
carbon scrambling in the LQIT prior to cleavage of methyl radical. Further, the higher
observed product ratios corresponding to cleavage of an unlabeled methyl (CH3) from the
molecular ions of all 2H-labeled DPM compounds suggests the kinetic isotope effect is
implicated in the rearrangement of these ions thus indicating all hydrogens lose their
positional identity prior to cleavage of methyl radical.
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Table 8.2 Calculated Versus Observed Product Ratios for the [M – X]+ (X = CH3, CH2D,
13
CH3, CHD2, 13CH2D, or 13CHD2) Ions Obtained from the CAD Spectra of Ionized 2Hand 13C-Labelled Diphenylmethane Compounds.
[M - X ]+ Product Ratios (Calculateda : Observed)
X
M
Diphenylmethane

CH3

CH2D or 13CH3

CHD2 or 13CH2D

13

CHD2

(1 : 1)

-

-

-

(1,1-2H2)Diphenylmethane

(0.545 : 0.580)

(0.409 : 0.379)

(0.045 : 0.041)

-

(2-2H1)Diphenylmethane

(0.750 : 0.765)

(0.250 : 0.235)

-

-

(4- H1)Diphenylmethane

(0.750 : 0.768)

(0.250 : 0.232)

-

-

(1-13C)Diphenylmethane
(1-13C,1,1-2H2)Diphenylmethane

(0.909 : 0.904)
(0.496 : 0.532)

(0.091 : 0.096)
(0.421 : 0.396)

(0.079 : 0.067)

(0.004 : 0.005)

2

a

Values calculated assuming statistical H/D and 13C/12C scrambling with no isotope effects.

8.3.2 Calculated Minimum Energy Pathway for Cleavage of Methyl Radical
The minimum energy pathway (MEP) proposed for cleavage of methyl radical from

the molecular ion of DPM was investigated at the B3LYP/cc-pVTZ level of theory. The
MEP presented in Figure 8.1 summarizes the results of the computational study. The
intermediates derived from earlier work by Bowie and coworkers (Scheme 8.1) were used
to guide development of the MEP since prior evidence7,9,10 implicates their involvement in
the rearrangement. Based on Scheme 8.1, methyl radical cleavage may occur directly from
the methylbiphenyl ion via C-C scission of the methyl group, however, the final product
ion has been suggested by some to be a condensed ring structure such as protonated
biphenylene ion.2,18 Thus, pathways leading to both products were calculated and compared.
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Figure 8.1 Relative free energy (in kcal mol-1) profiles calculated at the B3LYP/cc-pVTZ
level of theory for the rearrangement of DPM+• and subsequent cleavage of methyl radical.
(a) Schematic potential energy diagram with identifiers for all stationary points and
energies (relative to DPM+•). (b) Proposed rearrangement of DPM+• showing all minimum
energy structures and one transition state including energies.
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As shown in Figure 8.1, the rearrangement is initiated by a 1,2 H-shift from the
methylene bridge carbon to the ipso-position of one of the phenyl rings via a barrier of 29.2
kcal mol-1. Next, ring closure to form the phenylnorcaradiene (PNCD) radical cation 3
occurs via a low barrier of 2.1 kcal mol-1 (29.8 kcal mol-1 relative to DPM+•) followed by
ring expansion to generate a phenylcycloheptatriene (PCHT) radical cation intermediate 4
with a total barrier of 35.1 kcal mol-1. This process (14) is analogous to the mechanism
proposed by Hoffman19 in 1974 for the stepwise skeletal rearrangement of TOL+• to CHT+•.
Alternatively, PCHT+• may also be formed via 1,3 H-shift followed by intramolecular
cyclization and ring expansion as proposed by Dewar and Landman.20 However, the 1,3
H-shift of a methylene bridge hydrogen in DPM+• to the ortho-position of one of the phenyl
rings was found to possess a barrier of 47.5 kcal mol-1, more than 12 kcals higher than the
Hoffman pathway for this system. In the next step following formation of intermediate 4,
another 1,2 H-shift from the C1 carbon (formerly the methylene bridge carbon) to the
ortho-position in the CHT ring followed by ring closure generates another PNCD+•
intermediate (6) via a barrier of 19.4 kcal mol-1 (42.6 kcal mol-1 relative to DPM+•). [1,5]sigmatropic rearrangement of 6 yields yet another PNCD+• structure at a barrier of just 3.9
kcal mol-1 relative to 6. The successive formation of PNCD+• intermediates wherein the
CH2 group circumabulates the ring is commonly referred to as the methylene ring-walk or
norcaradiene walk and is likely an important process contributing to the scrambling of
carbon and hydrogen below the dissociation threshold.21,22 According to the Hoffman
mechanism, interconverstion between norcaradiene structures involves a distonic ion
intermediate wherein the radical is localized on the exocyclic methylene group. However,
a distonic ion intermediate was unable to be found between PNCD+• intermediates 6 and 7
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despite a careful search suggesting only the concerted pathway is probable for the 67
rearrangement. Previously, the concerted methylene ring-walk for TOL+• was investigated
and found to possess a much higher barrier than the stepwise pathway involving a distonic
ion intermediate.22 Moreover, a transition state for the conversion of 7 to 8b also could not
be found despite a careful search indicating the step-wise pathway is the most favorable
for this rearrangement. This would suggest steric influence from the o-phenyl group
(relative to the shifting methylene unit) prevents the formation of a stable distonic ion
intermediate and thus favoring the concerted pathway for the 67 rearrangement but not
for 1,2-shifts wherein the methylene unit is meta or para to the phenyl group.
The final step in the pathway to formation of a methylbiphenyl radical ion
intermediate (9) involves a 1,2 H-shift to the exocyclic methylene group (89). This
results in a significant gain in internal energy by nearly 53 kcals mol-1 as a result of the
increased delocalization of the radical and charge. From this stage in the MEP, methyl
cleavage may occur by two competing mechanisms, one involving the formation of a
biphenylene ion (912) and the other by direct bond cleavage (99b). Following
pathway a (Figure 8.1), methyl cleavage can occur by ring closure to the
methylbiphenylene structure 10 followed by 1,2 H-shift and finally C-C scission of the
methyl bond to yield a conjugated protonated biphenylene product ion with an overall
barrier of 79.0 kcals mol-1. On the other hand, the biphenyl ion 9b may be obtained directly
by cleavage of methyl radical from intermediate 9 via a lower barrier of 74.8 kcals mol-1,
a 4.2 kcals mol-1 savings. Thus, CAD of [biphenylene + H]+, [biphenyl – H]+, and [3phenyltoluene – CH3]+ were compared to the CAD of [DPM – CH3]+ to verify the
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computational results and determine which product is produced upon cleavage of methyl
radical from DPM+•.

8.3.3 Collision-Activated Dissociation of Relevant [DPM – CH3]+ Isomers
Diphenylmethane, 3-phenyltoluene, and biphenyl were dissolved in CS2 (~1 mg/mL),
ionized via positive mode APCI, and subjected to CAD. Biphenylene was dissolved in
hexane (~1 mg/mL) and ionized via positive mode APCI to generate protonated
biphenylene ion which was also subjected to CAD using the same experimental conditions.
The product ion [DPM – CH3]+ (mass-to-charge (m/z) 153) was subjected to CAD and
compared to the CAD of [biphenyl – H]+, [3-phenyltoluene – CH3]+, and [biphenylene +
H]+ which are isomeric ions of m/z 153. A higher q value of 0.5 was required for the CAD
experiments due to the greater stability of these ions. As shown in Figure 8.2, [biphenyl –
H]+ and [3-phenyltoluene – CH3]+ yield identical CAD spectra as [DPM – CH3]+, however,
[biphenylene + H]+ does not. All spectra show several hydrogen loss products with
cleavage of 1 and 3 hydrogens being dominant. However, the CAD spectra of [biphenylene
+ H]+ shows an additional product pertaining to loss of acetylene (M – 26). Furthermore,
relative abundances of hydrogen loss products for the CAD spectra of [biphenylene + H]+
do not compare appreciably to the other ions in the study. Also, the [biphenylene + H]+ ion
shows greater stability than the other isomeric ions as indicated by a higher relative
abundance of its parent ion despite being subjected to identical collision energy. These
results would suggest pathway 99b is preferred over 912, as shown in Figure 8.1, due
to near perfect agreement between the product distributions for [DPM – CH3]+ and
[biphenyl – H]+. These results agree with the MEP for cleavage of methyl radical from
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DPM+• (Figure 8.1) following pathway b (99b) and suggest a deprotonated biphenyl ion
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Figure 8.2 CAD spectra of [DPM – CH3]+, [3-phenyltoluene – CH3]+, [biphenyl – H]+, and
[biphenylene + H]+, using a q value of 0.5 and collision energy 40.

8.4 Conclusions
The examination of the MEP for cleavage of methyl radical from the molecular ion
of DPM by theoretical calculations, CAD of molecular ions of 2H- and

13

C-labeled

derivatives of DPM, and CAD of isomeric ions of [DPM – CH3]+, show that methyl
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cleavage from DPM+• occurs through a methylbiphenyl radical cation intermediate to yield
a deprotonated biphenyl product ion. Product ion ratios from the CAD of molecular ions
of 2H- and

13

C-labeled derivatives of DPM indicate this process occurs with complete

carbon and hydrogen scrambling. This corroborates earlier mass spectrometric
investigations of DPM+• which indicated all carbons and hydrogens lose their positional
identity upon dissociation. Theoretical calculations show that the isomerization of DPM+•
to PCHT+• and then to methylbiphenyl radical cation via ring contraction of the sevenmembered CHT ring to a norcaradiene radical cation is a plausible rearrangement pathway.
The norcaradiene radical cation intermediates may convert to other norcaradiene radical
cations via ring opening of the three-membered ring to a distonic ion intermediate in which
the exocyclic methylene is meta or para to the phenyl ring or directly if the phenyl ring is
ortho to the shifting methylene where steric influence by the phenyl ring favors a concerted
1,2-shift. These 1,2-shifts of methylene around the phenyl ring are plausible pathways for
DPM+• isomerization below the dissociation threshold and thus contribute to randomization
of carbon and hydrogen. Cessation of the methylene ring walk occurs via H-shift to the
exocyclic methylene yielding a methylbiphenyl radical cation. Calculations indicate the
cleavage of methyl occurs by direct bond cleavage of the C-C bond between methyl and
the biphenyl ion. Formation of a methylbiphenylene radical cation prior to cleavage of
methyl results in a product ion that is lower in energy upon loss of methyl but the barrier
is higher than the direct bond cleavage pathway by 4.2 kcal mol-1. CAD of isomeric ions
of [DPM – CH3]+ show that a deprotonated biphenyl ion is a more plausible structure for
the final product upon loss of methyl from DPM+• which agrees well with the calculated
MEP.
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